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ABSTRACT
The n u c l e a t i o n  and g row th  o f  h e l iu m  b u b b le s  i n  t h e  m a t r ix  o f  f e r r i t i c  
s t e e l s  h a s  been  i n v e s t i g a t e d  by i o n  i m p l a n t a t i o n  and s u b s e q u e n t  vacuum 
a n n e a l in g  o v e r  a  t e m p e ra tu re  r a n g e  o f  600 -  800°C. Two s t e e l s  o f  
s l i g h t l y  d i f f e r i n g  c o m p o s i t io n s  were s tu d i e d  b u t  no s i g n i f i c a n t  
d i f f e r e n c e s  i n  b u b b le  n u c l e a t i o n  and g row th  were o b s e r v e d .  B ubble  
n u c l e a t i o n ,  w hich o c c u r s  hom ogeneously , a p p e a r s  t o  be more d e p e n d e n t  
upon th e  d i f f u s i o n  o f  v a c a n c i e s  t h a n  upon th e  m o b i l i t y  o f  h e l iu m .  
M ig r a t io n  and c o a le s c e n c e  was found to  be t h e  dom inan t m echanism o f  
grow th  a t  a l l  t e m p e r a t u r e s .  A l though  v a c an c y  c o l l e c t i o n  d o e s  o c c u r  a t  
t h e  h i g h e r  t e m p e r a t u r e s ,  b u b b le  g row th  by t h i s  mechanism i s  l i m i t e d  by 
v a c an c y  s o u rc e  e f f i c i e n c y .
T ab le  o f  C o n te n ts  ^
1 INTRODUCTION..............................   1
2 MATERIALS FOR THE FIRST WALL.............................................................................................2
2 .1  R a d i a t i o n  damage t o  t h e  f i r s t  w a l l ...........................................  2
2 . 2  C hoice  o f  f i r s t  w a l l  m a t e r i a l ................................................................................. 3
2 .3  F e r r i t i c  s t e e l s ....................................................................................   4
3 BEHAVIOUR OF HELIUM WITHIN MATERIALS.............................................................................. 6
3 .1  Helium i n t e r a c t i o n s ......................................................   6
3 .2  N u c le a t io n  t h e o r y ...............................................................................................................8
4 HELIUM BUBBLE GROWTH MECHANISMS....................................................................................12
4 .1  Growth by v a c an c y  u p t a k e ............................................................  12
4 .2  O stw ald  r i p e n i n g . ............................................................................................................. 14
4 .3  B ubble  M ig r a t io n  P r o c e s s e s ...................  17
4 .3 .1  Volume d i f f u s i o n ................................................................................................. 19
4 . 3 . 2  S u r f a c e  d i f f u s i o n . . ..........................................  20
4 . 3 . 3  F a c e t  n u c l e a t i o n ................................................................  21
4 .4  B ubble  C h a r a c t e r i s a t i o n ...................  22
5 EXPERIMENTAL PROCEDURE......................................  31
5 .1  M a t e r i a l s ................................................................................................................................31
5 .2  Specimen P r e p a r a t i o n ......................................................................................................32
5 .2 .1  S t r u e r ' s  T e n u p o l ....................................................  32
5 . 2 . 2  Helium I m p l a n t a t i o n ..................................................................  34
5 . 2 . 3  UHV t r e a t m e n t .......................................................................   35
5 . 2 . 4  J e t  P o l i s h i n g ........................................................................................................ 39
5 . 2 . 5  B a c k - t h i n n i n g ........................................................................................................ 41
5 .3  B ubble  S iz e  M easurem ent ...............................................................................................41
5 .4  A n a ly s i s  o f  M easured D a ta ................................................................  43
5 .5  Hot S ta g e  E x p e r im e n ts ................................................................................................... 44
5 .6  T h ic k n e s s  M easurement o f  t h e  F o i l s .................................................................. .44
6 RESULTS  .................................................................................................................................. 51
6 .1  C h a r a c t e r i s i n g  th e  Bubble  S iz e  D i s t r i b u t i o n s .............................................51
6 .2  B ubble  Growth C u rv e s ......................................................................................................53
6 .3  Hot S ta g e  R e s u l t s .............................................................................................................55
6 .4  D e n s i ty  M easu rem en ts ......................................................................................................56
6 .5  Removal o f  2 00o i  o f  'D e a d ' M a t e r i a l ..........................................  57
6 .6  Com parison o f  two F e r r i t i c  S t e e l s .......................................................................59
7 DISCUSSION OF RESULTS........................................................................................................... 78
7 .1  Bubble  S h a p e ................  76
7 .2  N u c l e a t i o n ............................................................................................       80
7 .3  Growth o f  He B u b b le s ...................................................................................................... 85
7 .3 .1  B ubble  G row th ........................................................................................................ 86
7 . 3 . 2  Growth C u rv e s  ................................................................................................. 8 7
7 . 3 . 3  B ubble  Growth by Vacancy C o l l e c t i o n ....................................................90
7 . 3 . 4  Vacancy S o u r c e s ................................................................................................... 94
7 .4  R e s u l t a n t  Bubble  S i z e ............................................................................  96
7 .5  Com parison o f  S t e e l s . . ...............................................................................................100
8 CONCLUSIONS...................................... 111
9 REFERENCES.....................................................................................................................................113
1 INTRODUCTION
As t h e  f o s s i l  f u e l  r e s o u r c e s  on e a r t h  d i m i n i s h ,  i t  i s  becoming 
i n c r e a s i n g l y  i m p o r ta n t  t o  d e v e lo p  a l t e r n a t i v e  lo n g  te rm  e n e rg y  
s o u r c e s .  By t h e  end o f  t h e  c e n t u r y  o i l  r e s e r v e s  w i l l  be s e v e r e l y  
d e p l e t e d  and so t h e  f u r t h e r  deve lopm en t o f  n u c l e a r  e n e rg y  r e s o u r c e s  i s  
e s s e n t i a l  i f  consumer e n e rg y  demands -  i n  p a r t i c u l a r  t h a t  f o r
e l e c t r i c i t y  -  a r e  t o  be m e t .
F u s io n  power, t h e  th e rm o n u c le a r  f u s i o n  o f  a to m ic  p a r t i c l e s ,  i s  a  lo n g
te rm  e n e rg y  a l t e r n a t i v e  p r o v id i n g  a b u n d a n t  and cheap  f u e l  b u t  w i th  low 
r a d i o l o g i c a l  h a z a rd  ( 1 ) .  The f u s i o n  p r o c e s s  i n v o l v e s  t h e  h e a t i n g  o f
D eu terium  and T r i t iu m  i n  a  p lasm a  t o  a  h ig h  t e m p e r a tu r e  (10®K)(2) 
to  a l l o w  t h e  f u s i o n  r e a c t i o n  t o  o c c u r  and t h e r e b y  p ro d u ce  e n e rg y  f o r  
e l e c t r i c i t y  g e n e r a t i o n .
A number o f  f u s i o n  r e a c t o r s  a r e  a t  p r e s e n t  b e in g  d e s ig n e d  on t h e  b a s i s  
o f  t h e  m a g n e t ic  c o n f in e m e n t  o f  t h e  p la sm a .  The m ost d e v e lo p e d  r e a c t o r  
d e s ig n  i s  t h a t  o f  t h e  Tokamak b u t  o t h e r s  i n c l u d e  t h e  S t e l l e r a t o r ,  
M i r r o r  ( 3 )  and R o ta t i n g  T a rg e t  N eu tro n  S ou rce  ( 4 ) .  A lthough  r e s e a r c h  
h a s  been  s u c c e s s f u l  i n  t h e  p r o d u c t i o n  o f  a  s e l f - c o n t a i n i n g  p lasm a  and 
in  a t t a i n i n g  c o n d i t i o n s  n e c e s s a r y  f o r  a  f u s i o n  r e a c t o r  ( 5 ) ,  f o r  lo n g  
te rm  s u c c e s s  o f  t h e  f u s i o n  r e a c t o r  t h e  prob lem  o f  r a d i a t i o n  damage t o  
th e  f i r s t  w a l l  re m a in s  t o  be s o lv e d .
2 MATERIALS FOR THE FIRST WALL
2 .1  Ra.dia.tiAn jfl.swa.Re_ -to. .the  . f i r s t  wall.
One o f  t h e  m ost im p o r ta n t  p rob lem s i n  t h e  d e ve lopm en t o f  f u s i o n  
r e a c t o r s  i s  t h e  c h o ic e  o f  t h e  f i r s t  w a l l  m a t e r i a l .  T h is  w a l l  o r  
b l a n k e t  d i r e c t l y  f a c e s  t h e  p lasm a ( a s  shown i n  f i g .  1) and i s  
t h e r e f o r e  n o t  o n ly  s u b j e c t e d  to  a  s e v e r e  e n v iro n m en t  b u t  m ust a l s o  
m a i n t a i n  b o th  s t r u c t u r a l  and vacuum i n t e g r i t y .
C u r r e n t l y  t h e  two i s o t o p e s  o f  H2> D eu terium  and T r i t i u m ,  a r e  
p ro p o se d  a s  th e r m o n u c le a r  r e a c t a n t s ,  w hich  upon h e a t i n g  t o  t h e  
a p p r o p r i a t e  t e m p e r a t u r e ,  g i v e  r i s e  t o  t h e  f o l l o w in g  r e a c t i o n  :
2H(D) + 3h (T) = 4He + n
l4.08MeV o f  t h e  1 7 .6MeV e n e rg y  l i b e r a t e d  by t h e  r e a c t i o n  w i l l  be 
t r a n s f e r r e d  to  t h e  n e u t r o n  a s  k i n e t i c  e n e rg y  and can  be r e c o v e r e d  
from t h e  f i r s t  w a l l  b l a n k e t .  A lthough  D i s  a v a i l a b l e  n a t u r a l l y  
from  s e a  w a t e r ,  T m ust be g e n e r a t e d  w i t h i n  t h e  r e a c t o r :
6L i + n = T + 4He 
? L i  + n = T + ^He + n
Upon s t r i k i n g  th e  f i r s t  w a l l ,  h ig h  e n e rg y  n e u t r o n  bombardment w i l l
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n o t  o n ly  c r e a t e  a to m ic  d i s p la c e m e n t  w i t h i n  t h e  m a t e r i a l ,  b u t  w i l l  
a l s o  g iv e  r i s e  t o  t r a n s m u t a t i o n  r e a c t i o n s  l e a d i n g  to  t h e  p r o d u c t io n
o f  He and H2 . W hereas t h e  He c o n c e n t r a t i o n  p roduced  i n  a  s t e e l  
used  i n  a  f i s s i o n  r e a c t o r  i s  o f  t h e  o r d e r  o f  5-15appm/ y e a r  ( 6 ) ,  
f o r  M agnetic  C onfinem ent F u s io n  R e a c to r s  g e n e r a t i o n  r a t e s  a r e  
c o n s i d e r a b l y  g r e a t e r  due t o  h i g h e r  t r a n s m u t a t i o n  c r o s s -  s e c t i o n s  
f o r  t h e  l4MeV n e u t r o n s  ( 4 ) .  These h ig h  r a t e s  o f  He g e n e r a t i o n ,  
w hich  c an  be s e e n  i n  t a b l e  1, c a u se  b o th  s w e l l i n g  and e m b r i t t l e m e n t  
o f  t h e  m a t e r i a l  by t h e  f o rm a t io n  and g row th  o f  b u b b le s  and v o i d s .  
R a d ia t i o n  damage a l s o  t a k e s  t h e  form o f  r a d i a t i o n  h a rd e n in g  and 
c r e e p ,  b o th  o f  w hich  c o n s t i t u t e  o t h e r  m a jo r  i n v e s t i g a t i o n  a r e a s  
( 7 , 8 , 9 , 1 0 ) .
2 .2  .Choice, o f  f i r s t ,  w a l l  m a t e r i a l
O th e r  f a c t o r s  a p a r t  from  r a d i a t i o n  damage m ust a l s o  be c o n s id e r e d  
when c h o o s in g  th e  f i r s t  w a l l  m a t e r i a l .  These i n c l u d e  th e r m a l  and 
m e c h a n ic a l  p r o p e r t i e s ,  f a b r i c a b i l i t y ,  a v a i l a b i l i t y ,  c o m p a t i b i l i t y  
w i th  b r e e d in g  and c o o l i n g  f l u i d s  and r a d i o a c t i v i t y  d e c a y  
c h a r a c t e r i s t i c s  ( 1 2 ) .  A p p r e c ia t i n g  a l l  t h e  f a c t o r s  i n v o l v e d ,  a  
v a r i e t y  o f  m a t e r i a l s  h av e  been  s u g g e s te d  f o r  u s e  i n  t h e  f i r s t  w a l l  
s t r u c t u r e  o f  f u s i o n  r e a c t o r s .  These i n c l u d e  a u s t e n i t i c  s t a i n l e s s  
s t e e l  ( 1 3 ,1 4 ) ,  r e f r a c t o r y  m e t a l s  and a l l o y s  ( 1 1 , 1 5 , 1 6 , 1 7 ) ,  
g r a p h i t e ,  s u p e r a l l o y s  ( 1 1 , 5 , 1 8 ) ,  T i a l l o y s  , SiC and o t h e r  c e r a m ic s  
( 5 ) .
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U n t i l  now p a r t i c u l a r  i n t e r e s t  h a s  been  fo c u s s e d  upon a u s t e n i t i c  
s t a i n l e s s  s t e e l  a s  a  p rim e n e a r  te rm  f i r s t  w a l l  m a t e r i a l .  T h is  i s  
m a in ly  a  r e s u l t  o f  t h e  l a r g e  e x i s t i n g  d a ta b a s e  and e x t e n s i v e  
i n d u s t r i a l  c a p a b i l i t y  ( 5 ) .  R e f r a c t o r y  m a t e r i a l s  a r e  l i k e w i s e  
r e c e i v i n g  i n c r e a s i n g  a t t e n t i o n  f o r  c o n c e p tu a l  Tokamak R e a c to r  
d e s i g n s .  In  co m p ar iso n  w i th  s t a i n l e s s  s t e e l s  w hich  have  a 
t e m p e r a tu r e  l i m i t  o f  500°C, r e f r a c t o r y  m a t e r i a l s  may s u s t a i n  
1000°C u n d e r  i d e n t i c a l  c o n d i t i o n s  ( 5 ) .  Thus t h e i r  h ig h  
t e m p e r a tu r e  and th e rm a l  e f f i c i e n c y  make them a t t r a c t i v e  m a t e r i a l s .  
Ti a l l o y s ,  on t h e  o t h e r  hand , o f f e r  t h e  added a d v a n ta g e s  o f  lo n g  
l i f e  and low a c t i v i t y  p r o p e r t i e s .
2 .3  F e r r i t i c  s t e e l s
A f u r t h e r  c a t e g o r y  o f  m a t e r i a l s  w hich  i s  becoming an a t t r a c t i v e  
a l t e r n a t i v e  t o  a u s t e n i t i c  s t a i n l e s s  s t e e l  and i s  g a in i n g  im p o r ta n c e  
a s  a  c o n te n d e r  f o r  t h e  f i r s t  w a l l ,  i s  t h a t  o f  f e r r i t i c  s t e e l s  
( 1 8 ,1 9 ,  2 0 ,2 1 ,2 2 ) .  Improved p r o p e r t i e s  o v e r  t h o s e  o f  AISI316 
i n c l u d e  v o id  s w e l l i n g ,  i r r a d i a t i o n  c r e e p ,  th e r m a l  c o n d u c t i v i t y ,  
th e r m a l  e x p a n s io n  and s t r e n g t h .  C o n s e q u e n t ly ,  f o r  t e m p e r a t u r e s  up 
t o  500°C g r e a t l y  e x te n d e d  l i f e t i m e s  a r e  p r e d i c t e d  r e l a t i v e  t o  
a u s t e n i t i c  a l l o y s .
A lthough  work h a s  been  c o n d u c te d  in  t h e  a r e a s  o f  v o id  s w e l l i n g  
( 2 3 ,2 4 ) ,  m i c r o s t r u c t u r a l  c h an g es  ( 2 5 ) ,  a c t i v a t i o n  e f f e c t s  (1 2 )  and 
r a d i a t i o n  h a rd e n in g  ( 9 ) ,  r e l a t i v e l y  l i t t l e  i s  known a b o u t  He
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e m b r i t t l e m e n t  i n  f e r r i t i c  ( F I )  s t e e l s .  T here  h a s  been  o n ly  one 
r e p o r t  o f  He b u b b le s  a t  t h e  g r a i n  b o u n d a r ie s  o f  a  f e r r i t i c  m a t e r i a l  
( 2 6 ) .  The problem  o f  He e m b r i t t l e m e n t  o f  m e t a l s  i t s e l f  i s
n a t u r a l l y  a  w e l l  c o v e re d  s u b j e c t .  A lrea d y  i n  t h e  1960s He 
e m b r i t t l e m e n t  was a t t r i b u t e d  to  t h e  p r e c i p i t a t i o n  o f  He b u b b le s  a t  
g r a i n  b o u n d a r i e s  ( 2 7 ) .  At e l e v a t e d  t e m p e r a tu r e s  He e m b r i t t l e m e n t  
becomes more s e v e r e  ( 2 8 ,2 9 )  and g e n e r a l l y  r e s u l t s  i n  a  r e d u c t i o n  o f  
c r e e p  d u c t i l i t y  and enhanced  i n t e r g r a n u l a r  f a i l u r e .  S in c e  t h e
o p e r a t i o n  t e m p e r a tu r e  and r a t e  o f  He g e n e r a t i o n  i n  f u s i o n  r e a c t o r s  
a r e  b o th  h i g h ,  t h i s  i n d i c a t e s  t h e  need  t o  s tu d y  more c l o s e l y  h ig h  
t e m p e r a tu r e  e m b r i t t l e m e n t .  A lthough  g row th  o f  He b u b b le s  a t  g r a i n  
b o u n d a r i e s  h a s  been  c o n s id e r e d  by v a r i o u s  w o rk e rs  (3 0 ,3 1 )>  t h e  
g row th  k i n e t i c s  o f  He i n  t h e  m a t r ix  o f  g r a i n s  s h o u ld  a l s o  be t a k e n  
i n t o  a c c o u n t  t o  o b t a i n  an  a c c u r a t e  model o f  t h e  e m b r i t t l i n g  
b e h a v io u r  o f  He i n  f i r s t  w a l l  m a t e r i a l s .
T h is  p r o j e c t  h a s  t h e r e f o r e  i n v e s t i g a t e d  th e  f o rm a t io n  and g row th  o f  
h e l iu m  b u b b le s  w i t h i n  t h e  m a t r i x  o f  f e r r i t i c  s t e e l s .  Helium  was
in t r o d u c e d  i n t o  t h e  s t e e l s  by i o n  i m p l a n t a t i o n  (7600 appm) and t h e  
n u c l e a t i o n  and g row th  b e h a v io u r  o f  h e l iu m  b u b b le s  i n v e s t i g a t e d  
d u r in g  s u b s e q u e n t  i s o t h e r m a l  UHV a n n e a l in g  a t  t e m p e r a t u r e s  b e tw een  
600 -  850°C. A lthough  t h e  h ig h  h e l iu m  dose  g r o s s l y  e x a g g e r a t e s  
t h e  t r a n s m u t a t i o n  c o n c e n t r a t i o n s  a c t u a l l y  g e n e r a t e d  w i t h i n  t h e  
w a l l ,  i t  e n a b le s  a  h ig h  b u b b le  d e n s i t y  t o  be p ro d u ced  d u r in g  
a n n e a l i n g .  Thus g row th  k i n e t i c s  can  be s t u d i e d  by t r a n s m i s s i o n  
e l e c t r o n  m ic ro sc o p y  a f t e r  h o u r s ,  r a t h e r  th a n  y e a r s ,  a t  p o s s i b l e  
o p e r a t i o n  t e m p e r a t u r e s .
3, BEHAVIOUR OF HELIUM WITHIN MATERIALS
3,.,! .Helium i n t e r a c t i o n s
An i n e r t  g a s  atom in t r o d u c e d  i n t o  a  m e ta l  l a t t i c e  by some e n e r g e t i c  
p r o c e s s  ( e g .  a s  an  i n j e c t e d  io n )  may behave  i n  any  o f  t h r e e  w ays. 
I t  may rem a in  d i s s o l v e d  i n t e r s t i t i a l l y ; i t  may e x p e l  a  m e ta l  atom 
from th e  l a t t i c e  i n t o  an  i n t e r s t i t i a l  p o s i t i o n  and t a k e s  i t s  p l a c e ;  
o r  i t  may c a p tu r e  a  th e rm a l  o r  i r r a d i a t i o n - p r o d u c e d  v a c a n c y  and 
d i s s o l v e  s u b s t i t u t i o n a l l y .  Rimmer and C o t t r e l l  (3 2 )  have
c a l c u l a t e d  t h e  e n e r g i e s  o f  s o l u t i o n  a s s o c i a t e d  w i th  t h e s e  d i f f e r e n t
p r o c e s s e s  i n  c o p p e r .  The e n e rg y  f o r  i n t e r s t i t i a l  and
s u b s t i t u t i o n a l  s o l u t i o n  i s  made up o f  t h e  sum o f  t h e  s t r a i n  and 
e l e c t r o n i c  e n e r g i e s .  F o r  s u b s t i t u t i o n a l  s o l u t i o n  by c a p t u r e  o f  a  
th e rm a l  vacancy  t h e  c o n t r i b u t i o n  o f  b o th  te rm s  i s  l e s s  b u t  i t  i s  
n e c e s s a r y  t o  add t h e  e n e rg y  t o  c r e a t e  a  v a c an c y  (~ 1eV ) . F o r  
s u b s t i t u t i o n a l  s o l u t i o n  i n v o lv i n g  a m e ta l  atom b e in g  pushed  o f f  t h e  
l a t t i c e  i n t o  an i n t e r s t i t i a l  p o s i t i o n ,  t h e  much g r e a t e r  e n e rg y  
(~5 .5eV ) r e q u i r e d  f o r  t h e  p r o d u c t i o n  o f  a  v a c a n c y / i n t e r s t i t i a l  p a i r  
m ust be  added a s  t a b l e  2 i n d i c a t e s .
The l a r g e  s i z e  o f  A r, Kr and Xe n e c e s s i t a t e s  s u b s t i t u t i o n a l
s o l u t i o n  i f  th e rm a l  v a c a n c i e s  a r e  a b s e n t .  I f  th e r m a l  v a c a n c i e s  a r e  
p r e s e n t  neon sh o u ld  and He may d i f f u s e  s u b s t i t u t i o n a l l y .  But i t  i s  
more l i k e l y  t h a t  t h e  He r e s i d e s  i n t e r s t i t i a l l y  i n  t h e  l a t t i c e .  
T h is  c o n c lu s io n  t h a t  He d i f f u s e s  i n t e r s t i t i a l l y  h a s  been  s u p p o r t e d
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by numerous o t h e r  w o rk e rs  ( 3 3 , 3 4 , 3 5 ) .  H a r r i s o n  e t  a l  have  shown 
t h a t  o c t a h e d r a l  i n t e r s t i c e s  a r e  t h e  p r e f e r r e d  s i t e s  f o r  He a tom s i n  
bcc  m e t a l s  i n  t h e  a b s e n c e  o f  v a c a n c i e s  ( 3 4 ) .
D uring  i r r a d i a t i o n  He a tom s may i n t e r a c t  w i th  p o i n t  d e f e c t s .  He 
r e a c t i o n s  i n c l u d e :  1 ) t r a p p i n g  and d e t r a p p in g  o f  He i n  v a c a n c i e s ;
2)He t r a p p i n g  a t  g r a i n  b o u n d a r i e s ,  d i s l o c a t i o n s  and i m p u r i t i e s ;  3) 
s e l f - t r a p p i n g  o f  He ( s e e  b e lo w );  4) He c l u s t e r i n g  i n t o  vacancy -H e  
c om plexes ;  5 ) d i s p la c e m e n t  o f  t r a p p e d  He by i r r a d i a t i o n ;  6)
m i g r a t i o n  o f  He a s  an  i n t e r s t i t i a l  a tom . Work by K o rn e ls e n  ( 3 6 ,3 7 )  
on t u n g s t e n  showed t h a t  He was c l e a r l y  t r a p p e d  i n  t h e  v a c a n c i e s  
p roduced  by i r r a d i a t i o n  and f u r th e r m o r e  t h a t  t h e  b in d in g  e n e r g i e s  
o f  v a c a n c i e s  w i th  m u l t i p l e s  o f  He a tom s d e c r e a s e d  a s  t h e  number o f
He a tom s s u p p o r te d  by t h e  v a c an c y  i n c r e a s e s .  On t h e  o t h e r  h a n d ,  He
t r a p p e d  a t  d i -  o r  t r i - v a c a n c i e s  was found  to  be  more t i g h t l y  bound 
t h a n  t o  s i n g l e  v a c a n c i e s .  O th e r  work (3 8 )  h a s  s u p p o r t e d  t h e s e  
r e s u l t s  and a l s o  i n d i c a t e  t h a t  a  v a c an c y  may s u p p o r t  up t o  8 He
atom s , w i th  He^v com plexes  b e in g  t h e  dom inan t complex a f t e r
room te m p e ra tu re  i m p l a n t a t i o n .  The p r o p e r t i e s  o f  c l u s t e r s  o f  t h e  
ty p e  Hen vm have  been  rev iew ed  by Reed (3 9 )  and i t  was shown 
t h a t  f o r  l a r g e  m o r  n t h e  c l u s t e r  was l i k e l y  t o  e m i t  a v a c a n c y  o r  a  
He atom  r e s p e c t i v e l y  w i th  a  Sm all  b in d in g  e n e rg y .  Optimum 
s t a b i l i t y  was shown t o  o c c u r  when n = m.
As t h e  number o f  h e l iu m  atom s p e r  c l u s t e r  i n c r e a s e s ,  v a c an c y /H e  
c l u s t e r s  may a l s o  t r a n s f o r m  o r  ’ m uta te*  a s  more He i s  a d d e d ,  g i v i n g  
r i s e  t o  c o n f i g u r a t i o n s  c o n t a i n i n g  one more v a c a n c y  p l u s  an  
i n t e r s t i t i a l  w hich  may rem a in  l o c a l i z e d  to  th e  c l u s t e r .  T h is  i s  
b e c a u s e  a s  s u c c e s s i v e  He a tom s a r e  t r a p p e d ,  t h e  b i n d in g  e n e r g i e s
te n d  to w a rd s  a common v a lu e  and f o r  more th a n  10 atom s p e r  t r a p  no 
d i f f e r e n c e  can  be d i s t i n g u i s h e d  f o r  d i f f e r e n t  t r a p  r a u c l e i .  The 
v a c an c y  g e n e r a t i n g  p r o c e s s  u s u a l l y  o c c u r s  when n > 9 f o r  Hen v 
m u ta t in g  to  Hen v2 l .
The s e l f - t r a p p i n g  o f  He h a s  been  s tu d i e d  by W ilson  and Evans 
( 3 8 ,4 0 ) .  In  bcc  m e t a l s  He i n t e r s t i t i a l s  b in d  t o g e t h e r  q u i t e  
s t r o n g l y  ( i n  f e e  more w e a k l y ) . Where 6 He c l u s t e r  t o g e t h e r  i n  b c c , 
t h e  r e s u l t i n g  f o r c e  i s  s u f f i c i e n t  t o  d i s p l a c e  a  l a t t i c e  atom 
th e r e b y  c r e a t i n g  a  F re n k e l  p a i r  and a d e e p ly  bound He c l u s t e r .  I t  
i s  i n t e r e s t i n g  to  n o t e  t h a t  t h e s e  s e l f - i n t e r s t i t i a l s  c l u s t e r  
t o g e t h e r  fo rm ing  an i n t e r s t i t i a l  lo o p  r a t h e r  t h a n  d i s t r i b u t i n g  
th e m s e lv e s  u n i fo r m ly  th ro u g h o u t  t h e  l a t t i c e .
a-.2-AucAeaJApn the.orj.
H aving b r i e f l y  rev ie w e d  t h e  n a t u r e  o f  He-V i n t e r a c t i o n s  i n  b cc  
m e t a l s  a f t e r  i m p l a n t a t i o n ,  i t  i s  now p o s s i b l e  t o  d e s c r i b e  t h e  
n u c l e a t i o n  p r o c e s s .  An im p o r ta n t  f a c t  t o  remember r e g a r d i n g  b u b b le  
n u c l e a t i o n  i s  t h a t  He b u b b le s  may n u c l e a t e  a t  low t e m p e r a t u r e s  
(<0 .3Tm) where v a c a n c i e s  a r e  e f f e c t i v e l y  im m obile  ( 4 1 , 4 2 ) .
T h is  means t h a t  b u b b le  n u c l e a t i o n  m echanism s w hich  a r e  i n d e p e n d e n t  
o f  v a c an c y  m o b i l i t y  s h o u ld  a l s o  be c o n s i d e r e d .  Such m ode ls  a r e  
b a sed  on t h e  a s su m p t io n  t h a t  n u c l e a t i o n  i s  d i c t a t e d  by t h e  
p r o p e r t i e s  o f  t h e  He r a t h e r  th a n  t h e  v a c a n c i e s .  He b u b b le s  h av e  
been  se en  t o  n u c l e a t e  and grow d u r in g  i m p l a n t a t i o n  a t  low
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t e m p e r a t u r e s  (< 0 .3  Tm) } w here v a c a n c i e s  a r e  im m obile  and th u s
b u b b le  n u c l e a t i o n  m echanism s m ust be in d e p e n d e n t  o f  v a c a n c y  
m o b i l i t y .
Greenwood e t  a l  have  c o n s id e r e d  th e  k i n e t i c s  o f  b o th  homogeneous 
and h e te ro g e n e o u s  n u c l e a t i o n  ( 7 ) .  A lthough  Greenwood assum es t h a t  
n u c l e a t i o n  i s  o c c u r in g  i n  a  t e m p e r a tu r e  reg im e  where v a c a n c i e s  a r e  
m o b i le ,  h i s  model i s  c o n s id e r e d  to  be one o f  t h e  m ain  n u c l e a t i o n  
t h e o r i e s .  For  homogeneous n u c l e a t i o n  d u r in g  i r r a d i a t i o n  i t  was 
assumed t h a t  d i f f u s i o n  o f  an  i n e r t  g a s  atom up t o  a  s i m i l a r  atom  by 
a  v a c an c y  mechanism l e a d s  t o  t h e  f o rm a t io n  o f  a  two a to m /v a c a n c y  
c l u s t e r  whose l i f e t i m e  i s  s u f f i c i e n t l y  lo n g  f o r  i t  t o  c a p t u r e  a 
t h i r d  a tom . He b u b b le s  a r e  n u c l e a t e d  u n t i l  a  new ly  a r r i v e d  He atom 
i s  more l i k e l y  t o  r e a c h  an  e x i s t i n g  n u c le u s  t h a n  o t h e r  s i n g l e  g a s  
a to m s .
I f  G i s  t h e  gas  atom  p r o d u c t i o n  p e r  atom s i t e  p e r  s e c o n d ,  D i s  t h e  
g a s  atom d i f f u s i o n  c o e f f i c i e n t  and C i s  t h e  a to m ic  c o n c e n t r a t i o n  o f  
g a s ,  t h e  s t e a d y  s t a t e  d i f f u s i o n  e q u a t i o n  i s :
D72C = -G
L e t  t h e  r a d i u s  o f  a  b u b b le  n u c le u s  be r Q a n d l e t  r-j be t h e  
r a d i u s  o f  t h e  a p p ro x im a te ly  s p h e r i c a l  c a tc h m e n t  a r e a  o f  i n t e r f a c e  
s u r r o u n d in g  e a ch  n u c le u s  so  t h a t  t h e  s p a c in g  o f  t h e  n u c l e i  i s  
2p <| . Given t h e  bou n d a ry  c o n d i t i o n s  d c / d r  = 0 when r  = r - j , 
and c = 0 when r  = r Q (a ssu m in g  t h a t  t h e  b u b b le  n u c l e u s  i s  a
p e r f e c t  s i n k  f o r  He and t h a t  t h e r e  i s  n e g l i g i b l e  s o l u t i o n  by  t h e  
g a s ) ,  t h e n  i f  r 1 »  r Q:
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C-| = C ( r - | ) = G r ^
3 Dr,
T h is  i s  t h e  c o n c e n t r a t i o n  o f  g a s  a tom s i n  t h e  c r y s t a l  l a t t i c e  a t  
p o i n t s  midway be tw een  t h e  n u c l e i  and i s  a l s o  t h e  mean c o n c e n t r a t i o n  
i n  t h e  l a t t i c e .  From t h i s  and th e  a n a l y s i s  o f  t h e  jump f r e q u e n c y  
o f  g as  a tom s i n  t h e  m a t e r i a l  and th e  l i f e t i m e  o f  a  g a s  atom  b e f o r e  
r e a c h in g  a  n u c l e u s ,  t h e  homogeneous n u c l e i  s e p a r a t i o n  2r-j w i l l  
be d e te rm in e d  by:
r ^  = 3DrQ2a 2/2ZG
w here  a  i s  t h e  l a t t i c e  s p a c in g  and Z i s  t h e  number o f  s i t e s  
e x p lo r e d  p e r  jump ( ~ 4 ) .  The model h a s  been  shown t o  com pare w e l l  
w i th  e x p e r im e n ta l  r e s u l t s  ( 4 3 ) .
S ingh  and Foreman (4 4 )  have  f u r t h e r  d e v e lo p e d  a  t h e o r y  o f  b u b b le  
n u c l e a t i o n .  A cco rd ing  to  t h e i r  s t u d i e s ,  t h e  a tom s a r e  im m obile  
when t r a p p e d  in  v a c a n c i e s  b u t  become m o b i le  when a  v a c a n c y  i s  added  
o r  when d i s p l a c e d  by a  s e l f - i n t e r s t i t i a l  a tom . The d i f f u s i o n  o f  
d e t r a p p e d  He p ro d u c e s  l a r g e r  and l e s s  m o b i le  v a c a n c y - g a s  c l u s t e r s  
l e a d i n g  to  th e  f o rm a t io n  o f  b u b b l e s .
Ghoniem and T a k a ta  ( 4 ) ,  how ever ,  s u g g e s t  t h a t  a  d i - h e l i u m  c l u s t e r  
i s  n o t  s t a b l e  u n d e r  i r r a d i a t i o n  due t o  t h e  p o s s i b i l i t y  o f  t h e r m a l  
d e t r a p p in g  and a  t r i - h e l i u m  i s  i n  f a c t  t h e  c r i t i c a l  b u b b le  n u c l e u s .
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F i n a l l y  h e te ro g e n e o u s  b u b b le  n u c l e a t i o n  h a s  a l s o  been  c o n s id e r e d  by 
Greeenwood ( 7 ) ,  B u l lo u g h  and Newman (4 5 )  and Hayns and Wood ( 4 6 ) .
H e te ro g e n e o u s  s i t e s  i n c l u d e  d i s l o c a t i o n s ,  g r a i n  b o u n d a r i e s  and 
p r e c i p i t a t e s .  A model o f  s im u l ta n e o u s  homogeneous and
h e te ro g e n e o u s  b u b b le  n u c l e a t i o n  h a s  been  d e r i v e d  by Hayns e t  a l  
( 4 6 ) .  They assume t h e  h e te r o g e n e o u s  s i t e s  a r e  im m obile  s o l u t e  atom 
s i z e d  t r a p s  w i th  a  b in d in g  e n e rg y  o f  1 - 1 . 5eV. I t  was found  t h a t  
h e te r o g e n e o u s  n u c l e a t i o n  o c c u r s  a t  low t e m p e r a t u r e s  and homogeneous 
a t  h ig h  t e m p e r a t u r e s  due t o  t h e  d i f f e r e n c e s  i n  b in d in g  e n e r g i e s .  
B u l lo u g h  and Newman (4 5 )  on t h e  o t h e r  hand have  shown t h a t  t h e r e  i s  
a  s t r o n g  e l a s t i c  i n t e r a c t i o n  be tw een  i m p u r i t i e s  and  edge
d i s l o c a t i o n s  w hich  r e s u l t s  i n  s i g n i f i c a n t  i n c r e a s e d  s o l u t e  
c o n c e n t r a t i o n  and b u b b le  p r e c i p i t a t i o n  a lo n g  d i s l o c a t i o n s .
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4 HELIUM BUBBLE GROWTH MECHANISMS
I n e r t  gas  b u b b le s  i n  a  s o l i d  may grow by one o r  a l l  o f  t h r e e  
mechanism s :
1) They can  a c c e p t  new ly  c r e a t e d  ( o r  i n j e c t e d )  gas  a tom s and 
v a c a n c i e s ;
2 )  The r e s o l u t i o n  o f  gas  a tom s and v a c a n c i e s  from s m a l l e r  
s h r i n k i n g  b u b b le s  and p r e c i p i t a t i o n  i n t o  l a r g e r  o n e s ;
3) By m ig r a t i o n  o f  t h e  b u b b le s  u n t i l  t h e y  c o a l e s c e  upon c o l l i s i o n  
w i th  o t h e r  b u b b l e s .
4>. 1 Growth, .by, .vacancy  upAake.
Growth o f  b u b b le s  by v a c an c y  u p ta k e  may o p e r a t e  i f  t h e  spec im en  i s  
u n d e r  c o n s t a n t  i r r a d i a t i o n  such  t h a t  v a c a n c i e s  a r e  p roduced  
c o n t i n u a l l y  w i t h i n  t h e  g r a i n s .  In  t h e  a b s e n c e  o f  c o n c u r r e n t  
d i s p la c e m e n t  p ro d u c in g  damage t h i s  g row th  m echanism may o n ly  
o p e r a t e  i f  t h e r e  i s  an  a d e q u a te  th e r m a l  c o n c e n t r a t i o n  o f  v a c a n c i e s .  
Thus g row th  by v a c an c y  u p ta k e  i s  b a s i c a l l y  a  h ig h  t e m p e r a t u r e  
mechanism when t h e  number o f  v a c a n c i e s  and t h e i r  m o b i l i t y  i s  h i g h  
i e .  when s e l f - d i f f u s i o n  becomes s i g n i f i c a n t  (>0 .5T m) ,
An a n a l y s i s  o f  g row th  by v a c a n c y  c o l l e c t i o n  h a s  b een  made by 
Greenwood e t  a l  ( 7 ) .  They d e te r m in e  th e  e q u i l i b r i u m  c o n c e n t r a t i o n  
o f  v a c a n c i e s  s u r r o u n d in g  th e  b u b b le  i n  te rm s  o f  t h e  d e c r e a s e  i n
12 -
f r e e  e n e rg y  and i n c r e a s e  i n  s u r f a c e  a r e a  o f  t h e  b u b b le  when a 
va c an c y  i s  t r a n s f e r r e d  from th e  l a t t i c e  i n t o  t h e  b u b b le  and th e  
accom panying l o s s  o f  e n t r o p y  o f  v a c a n c i e s  i n  t h e  m a t r ix  and e n e rg y  
o f  f o rm a t io n  o f  a  v a c an c y  i n  t h e  l a t i c e .  They a r r i v e  a t  a 
c o n c e n t r a t i o n  o f  v a c a n c i e s  (Cv ) nea r  t o  t h e  b u b b le  :
Cy = c ev exp ( - ( p  -  2 y / r ) ^ k T )  
where C0V i s  t h e  e q u i l i b r i u m  v a c an c y  c o n c e n t r a t i o n .
Thus v a c a n c i e s  t e n d  to  f lo w  to w a rd s  g a s  b u b b le s  when Cv < Cev 
i e .  p > 2 ^ / r .  C a v i ty  g row th  by v a c an c y  c o l l e c t i o n  i s  t h e r e f o r e
d r iv e n  by t h e  e x c e s s  p r e s s u r e  i n  t h e  c a v i t y ,  w hich  may be, p o s i t i v e  
( f o r  a  b u b b le )  o r  n e g a t i v e  ( f o r  a  v o id )  ( 4 7 ) .
Greenwood g i v e s  t h e  r a t e  o f  f lo w  o f  v a c a n c i e s  i n t o  b u b b le s  a s
J V = Dv / Q ( d ( V d r )
where Dv i s  t h e  v a c a n c y  d i f f u s i o n  c o e f f i c i e n t .  The f l u x  o f  
i n t e r s t i t i a l s  i n t o  t h e  b u b b le  s h o u ld  be c o n s id e r e d  u s in g  t h e  same 
c o n c e p t ,  b u t  s i n c e  t h i s  f l u x  i s  n e g l i g i b l e  i n  c o m p a r iso n  w i th  
v a c an c y  f lo w  ( s i n c e  i s  low) i t  can  be i g n o r e d .  Combining 
t h e s e  two e q u a t i o n s ,  t h e  f i n a l  e x p r e s s io n  f o r  g row th  o f  b u b b le s  by 
v a c an c y  c o l l e c t i o n  i s  shown t o  be  :
d r / d t  = Dv c ev (p  -  2 y / r 0 ) Q  
rkT
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U sing  a d i f f e r e n t  a p p ro a c h ,  W estm aco tt  e t  a l  (4 8 )  and V o l in  and
B a l u f f i  (4 9 )  a r r i v e  a t  an  e q u i v a l e n t  e x p r e s s io n  f o r  t h e  g row th  r a t e
o f  b u b b le s  by t h i s  m echanism . Both  have  c a l c u l a t e d  t h e  r a t e  o f  
s h r i n k a g e  o f  v o i d s  a n n e a le d  i n  A l.  They d e r i v e  t h e  f o l l o w i n g
e q u a t i o n :
d r / d t  = Dg / r  (exp  ( 2 Q ^ k T )  -  1) 
where Ds  i S t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t .
However b o th  o f  t h e s e  e x p r e s s i o n s  a r e  d e r i v e d  on t h e  a s s u m p t io n  
t h a t  v a can cy  s o u r c e s ,  nam ely  t h e  f r e e  s u r f a c e ,  g r a i n  b o u n d a r i e s  and 
p o s s i b l y  d i s l o c a t i o n s ,  can  p roduce  enough v a c a n c i e s  t o  e n a b le
b u b b le s  t o  grow a t  t h e  c a l c u l a t e d  r a t e  i e .  t h e  p r o c e s s  i s  
d i f f u s i o n  l i m i t e d .
A..S Ostwald, _rjjenA A £
B u b b les  can  grow by a c c e p t i n g  r e d i s s o l v e d  g a s  a tom s and v a c a n c i e s  
from s m a l l e r  s h r i n k i n g  b u b b le s  -  a  phenomenon known a s  O s tw a ld  
R ip e n in g .  R ip e n in g  may o c c u r  i n  t h e  p r e s e n c e  o f  d i s p l a c e m e n t  
damage ( 5 0 ) ,  b u t  i t  i s  u n l i k e l y  t o  o p e r a t e  i n  t h e  a b s e n c e  o f
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c o n t in u o u s  r a d i a t i o n  b e c a u se  o f  t h e  e x t r e m e ly  low s o l u b i l i t y  o f  
i n e r t  g a s e s  i n  m e t a l s .  I n d e e d ,  i n e r t  g a s e s  g e n e r a l l y  have  
s o l u b i l i t i e s  o f  l e s s  t h a n  1appm (5 1 )  . W ith t h e  p o s s i b l e  e x c e p t io n  
o f  He, t h e  s o l u t i o n  e n e r g i e s  a r e  c o n s id e r e d  to o  h ig h  t o  p e rm i t  
a p p r e c i a b l e  s o l u b i l i t y .  B la c k b u rn  h a s  rev iew ed  th e  p e rm e a t io n  o f  
He and o t h e r  i n e r t  g a s e s  th ro u g h  m e t a l s  and has  shown t h a t  He i s  
' im p e rm e a b le '  th ro u g h  s t a i n l e s s  s t e e l ,  i r o n ,  a lum in ium  o r  a t  t h e  
v e r y  m ost i s  c o n s id e r e d  a t  l e a s t  10^ t im e s  l e s s  p e rm e ab le  t h a n  
f o r  g a s e s  w hich  do p a s s  th ro u g h  t h e s e  m e t a l s  ( 5 1 ) .
I t  i s  t h u s  g e n e r a l l y  a c c e p te d  t h a t  He b u b b le s  c a n n o t  grow b y  g a s  
d i s s o l u t i o n  , a l t h o u g h  work by R o th a u t  ( 5 2 ,5 3 )  s u g g e s t s  t h a t  He 
b u b b le s  i n  s t a i n l e s s  s t e e l  may grow by t h i s  m ethod a t  h ig h  
t e m p e r a t u r e s  (973 -  1073 K ) .  The t h e o r y  f o r  g row th  by
r i p e n i n g  i s  b a s e d  on t h e  a to m ic  c o n c e n t r a t i o n ,  CHe> o f  a  g a s  
w hich  i s  d i s s o l v e d  i n  a  s o l i d  u n d e r  a  g a s  p r e s s u r e ,  p .  I n  t h e r m a l  
e q u i l i b r i u m  :
CHe OCp exp  (-GHe/k T )
w here Gye i s  t h e  f r e e  e n e rg y  o f  s o l u t i o n  p e r  He a tom . When a 
g a s  i s  c o n ta in e d  i n  a  s p h e r i c a l  b u b b le  su ch  t h a t  p = 2 '*Y /r, t h e  g a s  
c o n c e n t r a t i o n  s u r r o u n d in g  t h e  b u b b le  i s  g iv e n  by :
CHe “ 2Y ^/ kTr exp (-GHe/k T )
S in c e  p depends  on t h e  b u b b le  r a d i u s ,  c o n c e n t r a t i o n  g r a d i e n t s  w i l l  
e x i s t  be tw een  b u b b le s  o f  d i f f e r e n t  s i z e s  l e a d i n g  to  t h e  p e r m e a t io n
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from s m a l l  b u b b le s  t o  l a r g e r  o n e s .  The d r i v i n g  f o r c e  f o r  t h i s
p r o c e s s  i s  t h e  c o n s e q u e n t  r e d u c t i o n  i n  g a s  p r e s s u r e  and so i n  t h e
f r e e  e n e rg y  o f  t h e  g a s  a s  t h e  mean b u b b le  volume i s  i n c r e a s e d .
Assuming i d e a l  gas  c o n d i t i o n s  and s p h e r i c a l  b u b b le s ,  Greenwood and 
B o l ta x  (5 4 )  d e r iv e d  th e  f o l l o w in g  e x p r e s s io n  f o r  t h e  r a t e  o f  g ro w th  
o f  b u b b le s  by r i p e n i n g  :
d r / d t  -  DHe/ r  exp (-GHe/k T )
=> d r / d t  = DHe/ r cHe 
and t h e r e f o r e  : r  0 C ^ eCHet ^°*^
w here  DHe = gas  d i f f u s i o n  c o e f f i c i e n t .
P l o t t i n g  t h i s  i n f o r m a t io n  on a I n - I n  p l o t  o f  b u b b le  s i z e  a g a i n s t  
t i m e ,  t h e  v a lu e  o f  t h e  s lo p e  would e q u a l  1 /2 .
As s e e n  by t h e  e x p r e s s i o n s  a b o v e ,  t h e  t e m p e r a tu r e  d e p e n d en c e  o f  
r i p e n i n g  i s  g overned  by t h e  p r o d u c t  o f  t h e  d i s s o l v e d  He 
c o n c e n t r a t i o n  and i t s  d i f f u s i o n  c o e f f i c i e n t  th ro u g h  t h e  m e ta l  
l a t t i c e .  As shown i n  t h e  n e x t  s e c t i o n ,  t h i s  i s  i n  c o n t r a s t  w i th  
m i g r a t i o n  and c o a le s c e n c e  m echanism s where m e ta l  s p e c i f i c  
p a ra m e te r s  r a t h e r  th a n  He s p e c i f i c  p a r a m e te r s  d e te r m in e  t h e  g ro w th  
r a t e s .  As p r e v i o u s l y  m e n t io n e d ,  R o th a u t  h a s  c o n c lu d e d  t h a t  He
b u b b le s  i n  s t a i n l e s s  s t e e l  may grow by Ostwld r i p e n i n g  i n  t h e
te m p e r a tu r e  r e g i o n  973 -  1 073K .  He a d m i ts  t h a t  He
s o l u b i l i t y  i s  v e r y  low b u t  a r g u e s  t h a t  p e rm e a t io n  c an  be 
s u b s t a n t i a l  b e c au se  d i f f u s i o n  d i s t a n c e s  a r e  v e r y  s m a l l  and p r e s s u r e  
d i f f e r e n c e s  v e r y  h i g h .  F u r th e rm o re  one m ust c o n s i d e r  t h e  f a c t  t h a t
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a t  h ig h  t e m p e r a t u r e s ,  t h e  d i f f u s i o n  o f  He can  i n c r e a s e  by o r d e r s  o f  
m ag n i tu d e  and so g row th  m igh t  be p o s s i b l e .  Thus we c a n n o t  t o t a l l y  
i g n o r e  t h i s  mechanism o f  g row th  when d e a l i n g  w i th  o u r  s y s te m .
‘i-.3-J_ub.ble M lE.m tip.tl.Prp.ces.se.s..
S in c e  t h e  e x p e r im e n ts  in v o lv e d  i n  t h i s  p r o j e c t  were p e rfo rm e d  i n  
t h e  a b s e n c e  o f  any  d e l i b e r a t e  s t r e s s  o r  t e m p e r a tu r e  g r a d i e n t ,  t h e r e  
i s  no n e t  d r i v i n g  f o r c e  f o r  b u b b le  m ig r a t i o n  and th e  movement o f  
b u b b le s  m ust be c o n s id e r e d  i n  te rm s  o f  Brownian m o t io n .
Growth by random m i g r a t i o n  and c o a le s c e n c e  h a s  been  o b s e rv e d  by 
numerous w o rk e rs  ( 5 5 , 5 6 ) .  From h o t  s t a g e  e x p e r im e n t s  i t  was 
c o n c lu d e d  t h a t  t h e  r a t e  d e te r m in in g  s t e p  f o r  b u b b le  g ro w th  i s  
b u b b le  m i g r a t i o n  a s  opposed  to  c o a l e s c e n c e .  I n d e e d ,  L i d i a r d  and 
N elson  (5 7 )  have  c a l c u l a t e d  t h a t  a  s h o r t  r a n g e  a t t r a c t i v e  f o r c e  
e x i s t s  be tw een  b u b b le s  w hich  e n s u r e s  t h e i r  c o a l e s c e n c e .  T h e r e f o r e  
b u b b le  m i g r a t i o n  m ust be c o n s id e r e d  i n  f i n e r  d e t a i l .
The a c t u a l  m o b i l i t y  o f  b u b b le s  may be c h a r a c t e r i s e d  i n  a  number o f  
ways, b u t  u s u a l l y  r e f e r s  t o  a  b u b b le  d i f f u s i o n  c o e f f i c i e n t ,  Db .
The N e rn s t  E i n s t e i n  e q u a t i o n  r e l a t e s  b u b b le  v e l o c i t y  t o  t h e  d r i v i n g  
f o r c e  f o r  m i g r a t i o n ,  F, by t h e  f o l l o w in g  e q u a t io n  :
v = Db F/kT
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Greenwood and S p e ig h t  ( 5 8 ) ,  on t h e  o t h e r  h a n d ,  r e f e r  t o  
u s in g  th e  random w alk  e q u a t i o n  :
Db = 1/6|fa « s 2
where [b i s  t h e  b u b b le  jump f r e q u e n c y  a n d O ^ i s  t h e  jump d i s t a n c e .
T h is  e q u a t i o n  c o n s i d e r s  t h e  Brownian m o tio n  o f  b u b b le s  i n  t h e  
a b s e n c e  o f  any  n e t  d r i v i n g  f o r c e .
F o r  a  b u b b le  t o  move, a  n e t  f l u x  o f  a tom s m ust be t r a n s f e r r e d  from 
th e  l e a d i n g  s u r f a c e  t o  t h e  t r a i l i n g  s u r f a c e .  T h is  may o c c u r  by one 
o f  t h r e e  m echan ism s, a s  i n d i c a t e d  i n  f i g .  2 :
1) s u r f a c e  d i f f u s i o n  i e .  a tom s d i f f u s e  a round  t h e  s u r f a c e  o f  
b u b b l e s .
2) volume d i f f u s i o n  th ro u g h  t h e  b u lk  m a t r ix  i e .  a tom s d i f f u s e  by 
v a c an c y  d i f f u s i o n  i n  t h e  o p p o s i t e  d i r e c t i o n  th r o u g h  t h e  m a t r i x  
n e a r  t h e  b u b b le .
3) v apou r  t r a n s p o r t  -  a tom s d i f f u s e  v i a  v ap o u r  phase  w i t h i n  t h e  
t h e  b u b b le .
A f o u r t h  r a t e - c o n t r o l l i n g  s t e p  may a l s o  o p e r a t e  i f  t h e  b u b b le s  a r e  
f a c e t e d  :
4) l e d g e  n u c l e a t i o n  a t  t h e  s u r f a c e  w hereby a s t e p  n u c l e a t e s  on one  
o f  t h e  f a c e s .
An a n a l y s i s  o f  t h e  d i f f u s i o n  c o e f f i c i e n t ,  Db> o f  a  s p h e r i c a l  
b u b b le  h a s  been  p roduced  by N ic h o ls  i n  1969 ( 5 9 ) ,  and  f u r t h e r  
m o d if ie d  f o r  f a c e t e d  b u b b le s  by Goodhew and T y le r  ( 6 0 ) .
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F o r  m ig r a t i o n  l i m i t e d  by v ap o u r  t r a n s p o r t
Db ( v . t . )  = Dg p.fl?q/kTa3
w here  Dg _ d i f f u s i o n  c o e f f i c i e n t  o f  m e ta l  atom s i n  g a s  
p = vapou r  p r e s s u r e  o f  s o l i d  
q = m easure  o f  d e v i a t i o n  from i d e a l i t y  o f  gas  
a  = cube s i d e  l e n g t h
I f  t h e  g as  p r e s s u r e  i n  t h e  b u b b le  r e m a in s  c o n s t a n t  t h e n  so w i l l  
Dg and
( v . t .  c o n s t ,  g a s  p r e s s u r e )  &  a - ^
But i f  t h e  b u b b le  i s  a t  e q u i l i b r i u m  th e n  i t s  g a s  p r e s s u r e ,  p ,  
v a r i e s  su c h  t h a t  p = 4 \ ^ a  where y =  s u r f a c e  t e n s i o n .  A c c o rd in g  to  
t h e  k i n e t i c  t h e o r y  o f  g a s e s ,  Dg ( J 1 / p ( 6 1 ) .  Thus a  ch an g e  i n  
p r e s s u r e  w i th  *a* l e a d s  t o  a  change  i n  Dg p r o p o r t i o n a l  t o  ' a 1 
i e * Dg Q ( a# Thus Db ( v . t .  e q u i l i b r i u m  b u b b le )  QC a ” 2 *
F o l lo w in g  th e  same c o n c e p t  and a g a in  u s in g  N i c h o l s ’ a n a l y s i s  o f  
m i g r a t i o n  by volume d i f f u s i o n ,  we can  o b t a i n  t h e  f o l l o w i n g  
d i f f u s i o n  c o e f f i c i e n t  f o r  a  c u b ic  b u b b le  :
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Db ( v o l )  = Q D v / a ^
AifCasjvQn
B a rn e s  and N elson  (6 1 )  d e r iv e d  an e x p r e s s io n  f o r  t h e  s p h e r i c a l  
b u b b le  d i f f u s i o n  c o e f f i c i e n t  f o r  s u r f a c e  d i f f u s i o n  c o n t r o l l e d  
m i g r a t i o n .
Db ( S) = 9i3? / 3  Ds / l f rlt
w here Dg = s u r f a c e  d i f f u s i o n  c o e f f i c i e n t
To e x te n d  t h i s  a n a l y s i s  t o  a  c u b ic  b u b b le  we can  m o d ify  N i c h o l s 1 
argum ent f o r  s p h e r i c a l  b u b b l e s .  We can  e x p r e s s  Db i n te rm s  
o f  t h e  random w alk  e q u a t i o n  m en t io n e d  e a r l i e r ,  i n  w hich
s'
Db ( s ) = 1 / 6 (FcXb 2
By e q u a t i n g  [b to  6 a 2  Is/ex' 2  w here  [s i s  t h e  jump 
f r e q u e n c y  o f  s u r f a c e  d i f f u s i n g  a tom s and t h e  s u r f a c e  jump 
d i s t a n c e  o f  a  s i n g l e  a tom , and e x p r e s s in g  £*b i n  t e r m s  o f  
C*s such  t h a t
C*b - 0 < s Q / a ^  i we o b t a i n  a  f i n a l  e x p r e s s io n  f o r  
Db ( s )  such  t h a t  :
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Db ( s )  = 4 Ds f ? 2/(> rl 
w here  Dg -  i / l t (S (X g 2
r^*3.* 3. F a c e t  n u c l e a t i o n
One f u r t h e r  r a t e - d e t e r m i n i n g  p r o c e s s  c o u ld  a l s o  o p e r a t e  i f  t h e  
b u b b le s  were o f  a  f a c e t e d  n a t u r e .  T h is  p r o c e s s  i s  b a se d  on t h e
n u c l e a t i o n  o f  a  s t e p  i n  one o r  o t h e r  o f  t h e  f a c e s .  As shown i n
f i g .  3 i t  i s  more d i f f i c u l t  t o  n u c l e a t e  a  s t e p  a t  A on t h e  f a c e
t o  be em p tied  th a n  i t  i s  t o  f i l l  t h e  c o r n e r  a t  B.
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4 .4  B ubble  C h a r a c t e r i s a t i o n
I t  i s  a  u s e f u l  c o n c e p t  t o  be a b l e  t o  c h a r a c t e r i s e  a  b u b b le  
p o p u l a t i o n  by one b u b b le  s i z e .  By s tu d y in g  th e  change  o f  b u b b le  
s i z e  w i th  t im e  one can  deduce  t h e  m echanism s o p e r a t i n g  f o r  b u b b le  
m i g r a t i o n .  These r e l a t i o n s h i p s  a r e  b a sed  on C h a n d r a s e k h a r ’ s  
e q u a t i o n  (6 2 )  e x te n d e d  to  model t h e  number o f  b u b b le  c o a l e s c e n c e s  
i n  a  s h o r t  t im e  i n t e r v a l  t  :
A F j :  = 4TCD..R..F.F. [1 + f j j   1 A t
IJ 'J 'J 1 J (T T D -jt)05
w h e r e  A  F-. = no.  of c o l l i s i o n s  per  unit vol .
U
D;- = su m  of b u b b l e  d i f fu s i o n  c o e f f i c i e n t s ,
'J D;«- Dj
R. = in t e ra c t io n  d i s t a n c e  r- r. 
ij ' j
F . F .  = n o . o f  b u b b l e s  o f  s i z e  r. f th p e r u n i t v o l .  
i 1 J I J
T h is  e q u a t i o n  was u sed  by G ruber (6 3 )  to  compute b u b b le  s i z e
d i s t r i b u t i o n s  a f t e r  many s m a l l  t im e  i n t e r v a l s .  I f  t h e  g a s  ob ey s
t h e  i d e a l  gas  law  t h e  mean r a d i u s  a s  a  f u n c t i o n  o f  t im e  a t
t e m p e r a tu r e  i s  g iv e n  by :
r — 1 .3  (mkTa^ Dg
Both A itk en  (1977) (64 )  and S p e ig h t  (1964)  (6 5 )  a r e  a l s o  i n
ag re e m e n t  w i th  t h e  t im e  dependence  r e l a t i o n s h i p  o f  r  C [ t ° * 2
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S in c e  t h i s  e x p r e s s io n  f o r  t h e  m i g r a t i o n  by s u r f a c e  d i f f u s i o n  h a s  
been  d e r iv e d  from i n t e g r a t i n g  th e  b a s i c  e q u a t i o n
d r / d t  C(Db ,
i t  h a s  i m p l i c i t l y  been  assumed t h a t  b u b b le s  a r e  a t  e q u i l i b r i u m .  
However a t  low er  t e m p e r a t u r e s ,  t h i s  i s  u n l i k e l y  t o  be t h e  c a s e  and 
a  d i f f e r e n t  t e m p e r a tu r e  dependence  w i l l  a r i s e .  I f  we assum e t h a t  
b u b b le  volume i s  c o n s e r v e d ,  i e .  no a p p r e c i a b l e  change  o f  b u b b le  
s i z e  can  t a k e  p l a c e  a f t e r  c o a l e s c e n c e ,  Goodhew and T y le r  (6 0 )  have  
shown t h e  r a t e  o f  g row th  t o  be
d a / d t  = 8  K k ’
w here k* i s  a  c o n s t a n t  r e l a t i n g  t o  a ^ c ,  w here c i s  b u b b le  
c o n c e n t r a t i o n .  I f  (X a“ ^ j upon i n t e g r a t i o n  a  (X 
t '  1 / 6
S i m i l a r  a n a l y s e s  can  be c a r r i e d  o u t  f o r  m i g r a t i o n  c o n t r o l l e d  by 
volume d i f f u s i o n  and v a p o u r  t r a n s p o r t  t o  i n d i c a t e  t h e  v a lu e  o f  t h e  
e x p o n e n t  w h e th e r  b u b b le s  a r e  c o n s id e r e d  to  be a t  e q u i l i b r i u m  o r  
c o n t a i n  c o n s t a n t  vo lum e. Thus we s e e  t h a t  t h e  b u b b le  r a d i u s  r ,  can  
be se en  t o  i n c r e a s e  w i th  a n n e a l in g  t im e  by t h e  f o l l o w i n g  r e l a t i o n  :
r n 0C D t m T
w here D = d i f f u s i o n  c o e f f i c i e n t  a p p r o p r i a t e  t o  t h e  m echanism  
t  = a n n e a l in g  t im e  
T = a n n e a l in g  t e m p e ra tu re
m,n = e x p o n e n ts  w hich  depend on p a r t i c u l a r  b u b b le  g ro w th  mech 
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an isras
and a r e  shown i n  t a b l e  3 .
From t h e  e q u a t i o n ,  a  p l o t  o f  l n ( r )  a s  a  f u n c t i o n  o f  t h e  i s o t h e r m a l  
a n n e a l in g  t im e  sh o u ld  have  a s lo p e  o f  1 / n  and h ence  t h e  b u b b le  
g row th  mechanism can be d i r e c t l y  d e d u c ed .
I f  l e d g e  n u c l e a t i o n  i s  r a t e - c o n t r o l l i n g ,  b o th  e q u a t i o n s  f o r  
e q u i l i b r i u m  b u b b le s  and c o n s t a n t  volume b u b b le s  y i e l d  a  g ro w th  r a t e  
t h a t  d ro p s  r a p i d l y  w i th  i n c r e a s i n g  b u b b le  s i z e  and so  t h e  I n - I n  
p l o t  i s  n o t  l i n e a r .  The v a r i o u s  I n - I n  p l o t s  a r e  shown i n  f i g .  4.
In  p r a c t i c e  t h e  r e s u l t s  c o n t a i n  a  s c a t t e r  e r r o r  m aking th e  
i n t e r p r e t a t i o n  o f  t h e  c o r r e c t  mechanism v e ry  d i f f i c u l t .  A d d i t i o n a l  
c l a r i f i c a t i o n  o f  t h e  r a t e - c o n t r o l l i n g  mechanism may be found  by 
c a l c u l a t i n g  th e  a c t i v a t i o n  e n e rg y  , Q, f o r  b u b b le  d i f f u s i o n .  S in c e  
D QCexp ( -Q /k T ) ,  t h e n  Q may be found  from :
I n  ( r^ /T 111) = -Q /kT + In  c
where c = c o n s t a n t  in d e p e n d e n t  o f  T. A p l o t  o f  I n  ( r n /T m) 
v e r s u s  1/T s h o u ld  g i v e  a s t r a i g h t  l i n e  o f  s lo p e  - Q /k .
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t r a n s f o r m e r  co i l s
d ivertor  
c o i l s
s h i e l d  
f i r s t  wall  
b l a n k e t
Toroidal  
co i l s
F u s io n  r e a c t o r  b a s e d  on t h e  Tokamak p r i n c i p l e  
and t h e  DT r e a c t i o n
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T a b le  1 ( l l )
G e n e ra t io n  r a t e s  o f  He and H2  i n  p o s s i b l e  f i r s t  w a l l  m a t e r i a l s .
M e ta l  o r  A l lo y P e r  MWy/m2
dpa appm H2 appm He
A1 14 296 316
T i  -  6  A1 -  4 V 16 175 142
F e r r i t i c  s t e e l 11 450 1 1 0
(S andv ik  HT-9)
A u s t e n i t i c  s t a i n l e s s  s t e e l 1 1 532 147
(A1S1 316)
Ni b a s e  a l l o y 1 2 780 240
(Nimonic PE -  16)
V -  15 Cr -  15 T i 11 245 47
Nb 7 105 29
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T a b le  2 ( 32 ) E s t im a te d  e n e r g i e s  (eV) o f  s o l u t i o n  o f  i n e r t  g a ses  
i n  c o p p e r .
S o l u t i o n  e n e rg y He Ne Ar Kr Xe
I n t e r s t i t i a l  gas S t r a i n 1.7 3 .4 1 0 . 6 14.9 17.5
E l e c t r o n i c 0 . 8 1 . 2 1 3 .0 4 .6 4 .9
T o t a l  E.l 2 .5 4 .6 1 3 .0 1 9 .5 2 2 . 0
S u b s t i t u t i o n a l S t r a i n 0 . 0 0 .3 2 . 2 3 .8 5 .7
gas E l e c t r o n i c 0 . 0 0 . 1 0 .7 1 .4 1 .5
Vacancy 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0
T o t a l  Es 1 . 0 1.4 3 .9 6 . 2 8 . 2
Add s e l f
;e d !
Es + Ed 5 .5
4 .5
5 .9
i 4 .5  
8 .4
,.4.5
10.7
4 .5
12 .7
i n t e r s t i t i a l
fo rm a t io n  e n e rg y
IV
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   >
migrat ion
F ig .  2 A b u b b le  may m ig r a te  th ro u g h  a  s o l i d  by: 
s u r f a c e  d i f f u s i o n  (s .) ,  volume d i f f u s i o n  
(v o l .) ,  o r  v ap o u r  t r a n s p o r t  ( v . t . )
migration
F ig .  3 F o r  a  f a c e t e d  b u b b le  t o  m ig r a t e  to w a rd s  t h e  
r i g h t ,  atoms m ust be removed from  A and 
d e p o s i t e d  a t  B. C r e a t i n g  a s t e p  a t  A i s  
t h u s  th e  r a t e - l i m i t i n g  f a c t o r .
T a b le  3 (13) P o s s i b l e  b u b b le  grow th  . mechanisms and n and m v a lu e s
f o r  b o th  e q u i l i b r i u m  and o v e r p r e s s u r i z e d  b u b b le s .
L im i t in g  Mechanism B ubbles  a t  eq— ’ 
n m
C o n s ta n t  b u b b le  v o l .  
n m
O stw ald  r i p e n i n g  
Vapour t r a n s p o r t  
Volume d i f f u s i o n  
S u r fa c e  d i f f u s i o n
2 . 0  1 . 0
3 .0  1.5
4 .0  1 .0
5 .0  1 .0
5 .0  -  0 . 5
5 .0  0
6 . 0  0
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(bubble
s l o p e  mechanism
Re - s o l u t i o n
l edge
n u c l e a t i o n
log ( t ime)
F i g .  4 I n ( r }  v s .  I n ( t )  p l o t s  o f  t h e  v a r i o u s  r a t e - c o n t r o l l i n g  
m echanism s.
( e q . )  assumes th e  b u b b le s  a r e  a t  e q u i l i b r i u m ;  ( p . )  
assumes t h a t  c o n s t a n t  gas p r e s s u r e  e x i s t s  i n  t h e  b u b b l e s .
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5EXRERMENTAL PROCEDURE
5 .1  M a t e r i a l s
The m a j o r i t y  o f  t h e  e x p e r im e n ts  were c a r r i e d  o u t  u s in g  a f e r r i t i c  
s t e e l  ( F I ( 1 ))  o f  c o m p o s i t io n  ( i n  w e ig h t  %) shown i n  t h e  t a b l e  
be low . A b r i e f  co m p ar iso n  was made w i th  a f e r r i t i c  s t e e l  o f  a  
s l i g h t l y  d i f f e r i n g  c o m p o s i t io n  t o  i n v e s t i g a t e  any  change  i n  g row th  
b e h a v io u r  o f  He b u b b le s  due to  a l l o y i n g  a d d i t i o n s .  The c o m p o s i t io n  
o f  t h i s  s t e e l ,  d e n o te d  F I ( 2 ) ,  i s  a l s o  g iv e n  below .
F id) bat. 12.6 0.1 0.18 0.11 0.005 0.18 0.005
0.16 0.120.12 0.03 0.02 <0.01 <0.01FI(2) bal. 13.3 0.02 0.5
The m a t e r i a l s ,  r e c e iv e d  a s  0.5mm t h i c k  s h e e t  and r o l l e d  down t o  a  
f i n a l  t h i c k n e s s  o f  100 |Jm, w ere  i n i t i a l l y  h e a t  t r e a t e d  i n  Ar f o r  1 
h o u r  a t  1000°C and a i r - c o o l e d  fo l lo w e d  by 2 h o u r s  a t  750°C 
and a i r - c o o l e d .  T h is  p ro d u c e s  a  f u l l y - t e m p e r e d  m a r t e n s i t i c  
s t r u c t u r e  w hich i s  r e s i s t a n t  t o  f u r t h e r  m i c r o s t r u c t u r a l  change  upon 
r e - a n n e a l i n g .  Any o x id e  was removed u s in g  f i n e  SiC g r i t  p a p e r .
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5 .2  Specimen P r e p a r a t i o n, a  A. A , .>..A  .*. J .  ,4 .  J l  *  A .,4
3 mm d i s c s  were punched from th e  h e a t  t r e a t e d  s h e e t  o f  m a t e r i a l  and 
d e g re a s e d  i n  a c e t o n e .  To m in im ize  i o n  r e f l e e t i o n a n d  c h a n n e l l i n g  
d u r in g  He i m p l a n t a t i o n  t h e  d i s c  s u r f a c e s  m ust be r e l a t i v e l y  f l a t .  
To a c h ie v e  t h i s ,  t h e  d i s c s  were p r o f i l e d  on one s i d e  u s in g  a 
S t r u e r ' s  T enupo l .
5 .2 .1  S t r .u e r 1 s  Ten.uP.PJL.
The Tenupol c o n s i s t s  o f  an  i n s u l a t e d  t a n k  made from  a c i d  
r e s i s t a n t  PVC w i t h  a  pump and c o o l i n g  c o i l .  The PVC p o l i s h i n g  
c e l l  c o n t a i n s  t h r e e  cham bers  s e p a r a t e d  from e a ch  o t h e r  by 
rem o v ab le  n o z z le  u n i t s .  L ig h t  from  a  lamp i s  s e n t  t h r o u g h  a 
g l a s s  window a t  t h e  r e a r  end o f  t h e  p o l i s h i n g  c e l l .  A m a g n i f i e r  
a t  t h e  f r o n t  o f  t h e  c e l l  p e r m i t s  t h e  specim en t o  be o b s e r v e d .  A 
p h o t o c e l l  i s  f i t t e d  i n  f r o n t  o f  t h e  m a g n i f i e r .
The e l e c t r o l y t e ,  pumped i n t o  t h e  two o u t e r  cham bers  t h r o u g h  
t u b e s  ( s e e  f i g .  5 ) ,  i s  f o r c e d  th ro u g h  t h e  n o z z le  u n i t s  and 
r i s e s  i n  t h e  m id d le  cham ber, w here  t h e  specim en  h o l d e r  i s  
s i t u a t e d ,  and th e n  f low s  back  i n t o  t h e  e l e c t r o l y t e  t a n k .  The 
two n o z z le  u n i t s  a r e  made p r i m a r i l y  from PE. The s t a n d a r d  
n o z z le  (made from t e f l o n )  h a s  a  1mm d ia m e te r  and i s  s u r r o u n d e d  
by a  h e l i x  o f  p la t in u m  w ire  ( fo rm in g  th e  c a th o d e )  w hich  i s
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c o n n e c te d  to  a  p lu g .  T h is  i s  c o n n e c te d  to  a n o th e r  p lu g  when th e  
n o z z le  h a s  been  m ounted i n  t h e  p o l i s h i n g  c e l l .  Through t h e  
h o u s in g ,  t h i s  p lu g  c o n n e c t s  w i th  a  s u i t a b l e  n e g a t i v e  DC s o u r c e .  
The s t a n d a r d  specim en h o l d e r  i s  d e s ig n e d  f o r  t h i n n i n g  sp ec im en s  
o f  3mm d ia m e te r .  The specim en  i s  p l a c e d  in  t h e  p la t in u m  f i x t u r e  
w hich i s  c o n n e c te d  to  a  p lu g  and f u r t h e r  c o n n e c te d  t o  t h e  
p o s i t i v e  t e r m i n a l  o f  t h e  r e c t i f i e r  u n i t .
One a d d i t i o n a l  i te m  o f  equ ipm en t  w hich  may be a t t a c h e d  t o  t h e  
Tenupol i s  a  p h o t o c e l l ,  i f  d e s i r e d ,  t o  s t o p  t h i n n i n g  
a u t o m a t i c a l l y  a s  soon  a s  a  h o l e  i s  fo rm ed . As m e n t io n e d ,  a 
p h o t o c e l l  may be m ounted on t h e  p o l i s h i n g  c e l l  i n  f r o n t  o f  t h e  
m a g n i f i e r .  As soon  a s  a  v e r y  s m a l l  h o l e  a p p e a r s ,  t h e  p h o to ­
e l e c t r i c  c e l l  equ ipm en t w i l l  s w i tc h  o f f  t h e  p o l i s h i n g  c u r r e n t  
and pump and a c t i v a t e  t h e  b u z z e r .
F o r  t h i s  i n i t i a l  p o l i s h i n g  p r o c e d u r e ,  t h e  f o l l o w in g  c o n d i t i o n s  
were used  :
E l e c t r o l y t e  -  90^ m e th a n o l /  10% p e r c h l o r i c  a c id  
T em pera tu re  -  < -U0 °C 
V o l ta g e  -  30 -  40v
C u r r e n t  -  v a r y in g  be tw een  80 and 120mA d ep e n d in g  on t h e  te m p e r ­
a t u r e  .
A p o l i s h i n g  t im e  o f  1 .5  m in u te s  was u s u a l l y  s u f f i c i e n t  t o  
p roduce  a  f l a t  s h in y  s u r f a c e .
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A f t e r  r i n s i n g  in  m e th a n o l  t h e  d i s c s  were d r i e d .  F i n a l l y  t h e  
f o i l s  were mounted o n to  an A1 p l a t e  i n  s q u a re  a r r a y s  o f  3 x 3 
d i s c s  p e r  1 cm2  u s in g  a h i g h l y  c o n d u c t iv e  s i l v e r - b a s e d  p a i n t  
a s  a  b i n d e r .  S in c e  t h e  u s u a l  d im e n s io n s  o f  t h e  A1 p l a t e  were 
1 1 cm by 5 cm, an  optimum number o f  f o u r  s q u a re s  was a l lo w e d  p e r  
p l a t e .
5 .,2 .2 HeqAum ,]m lAnM tlon
He was in t r o d u c e d  i n t o  t h e  sa m p le s  by io n  i m p l a n t a t i o n .  The 
i o n s  p e n e t r a t e  t h e  m e ta l  t o  a  d e p th  d ep en d in g  on t h e i r  e n e rg y  
and  mass u n t i l  t h e y  a r e  s low ed down by a c o m b in a t io n  o f  
p r o c e s s e s  : c o l l i s i o n s  w i th  t a r g e t  a tom s ( n u c l e a r  o r  e l a s i c
s to p p in g )  and e x c i t a t i o n  o f  t a r g e t  e l e c t r o n s  ( e l e c t r o n i c  o r  
i n e l a s t i c  s t o p p i n g ) . These p r o c e s s e s  may be t r e a t e d  
i n d e p e n d e n t ly  and th e  t o t a l  s to p p in g  power o b t a i n e d  by summing 
t h e  two c o n t r i b u t i o n s .
The 500 keV l i n e a r  a c c e l e r a t o r  s i t u a t e d  in  t h e  D e p a r tm en t  o f  
E l e c t r o n i c  and E l e c t r i c a l  E n g in e e r in g  A c c e l e r a t o r  L a b o r a t o r y  
( U n i v e r s i t y  o f  S u r re y )  was u se d  to  im p la n t  t h e  sam ple  w i t h  He. 
Each s q u a re  cm c o n t a i n i n g  9 d i s c s  was im p la n te d  w i th  % e  a t  
s u c c e s s i v e  e n e r g i e s  o f  220 keV, 140 keV, 100 keV and 50 keV t o  
p roduce  a u n ifo rm  c o n c e n t r a t i o n  o f  6 .5  x 102® He/cm3 
(7600 appm) betw een t h e  r a n g e  p r o f i l e  peaks  a t  50 and 220 keV. 
The c o n d i t i o n s  f o r  o b t a i n i n g  t h i s  c o n c e n t r a t i o n  a r e  s e t  o u t  i n
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t a b l e  4 .
Some d i s a g r e e m e n t  e x i s t s  be tw een  p u b l i s h e d  io n  r a n g e  
c a l c u l a t i o n s  b e c a u s e  d i f f e r e n t  g ro u p s  p r e f e r  t o  u se  d i f f e r e n t
s to p p in g  powers i n  t h e  b a s i c  L in d h a rd ,  S c h a r f f ,  and S c h i o t t
(LSS) e q u a t i o n s .  E l e c t r o n i c  s to p p in g  powers o f  LSS p r e d i c t  t h e  
p r o f i l e  peaks t o  be a t  d e p th s  195nm f o r  50 keV and 675nm f o r  220
keV, g i v in g  an im p la n te d  band o f  477nm. Using th e  EDEP p a c k ag e
com piled  a t  H a rw e l l  w i th  n u c l e a r  s to p p in g  powers by Z i e g l e r  and 
e l e c t r o n i c  d a t a  by Z i e g l e r  and A ndersen , t h e  p r o f i l e  p eak s  f o r  
e n e r g i e s  50, 100, 140, 220 keV a r e  191, 325, 415 and 572nm
r e s p e c t i v e l y ,  im p ly in g  a  u n ifo rm  d e p th  o f  381nm. T h is  a g r e e s  
w e l l  w i th  c o m p u ta t io n s  u s in g  s to p p in g  powers from  t h e  U n i v e r s a l  
f u n c t i o n s  o f  B ie r s a c k  and Z i e g l e r  (u n ifo rm  d e p th  o f  385nm). 
T h e r e f o r e  i t  i s  m ost p r o b a b le  t h a t  an  im p la n te d  band c o n t a i n i n g  
7600 appm He i s  p r e s e n t  i n  t h e  d i s c s  be tw een  d e p th s  o f  190nm and 
572nm. F i g .  6  shows a s c h e m a t ic  r e p r e s e n t a t i o n  o f  t h e  r a n g e  
p r o f i l e s  p roduced  in  F I  s t e e l .
UHV _ tje.atn ie,n t
Vacuum a n n e a l in g  o f  t h e  d i s c s  was t h e n  c a r r i e d  o u t  a t  v a r i o u s  
t e m p e r a t u r e s  be tw een  6 0 0 °C and 950°C f o r  p e r i o d s  o f  up 
t o  2 0 0  h o u r s .
The UHV sys tem  used  f o r  a l l  t h e  h e a t  t r e a t m e n t s  i s  shown
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s c h e m a t i c a l l y  i n  f i g .  7. I t  was d e s ig n e d  and s u p p l i e d  by VG 
Ltd and c o n s i s t s  o f  a  l a r g e  s t a i n l e s s  s t e e l  c y l i n d r i c a l  chamber
w hich  i s  pumped by a  d i f f u s i o n  pump. T h is  pump h a s  a  l i q u i d
c o l d - t r a p  and i s  backed  by a  r o t a r y  pump. The sy s tem  
a l s o  f e a t u r e s  a  t i t a n i u m  s u b l i m a t io n  pump s i t u a t e d  a t  t h e  b a se  
o f  t h e  cham ber, w h ich  h e l p s  t o  m a i n t a i n  a  good vacuum. T h is  TSP 
a s se m b ly  and th e  b a f f l e  v a lv e  a r e  p r o t e c t e d  from f a l l i n g  o b j e c t s  
and h ig h  t e m p e r a t u r e s  by a s t e e l  p l a t e .
The vacuum chamber h a s  an  i n t e r n a l  d ia m e te r  o f  30cm and h e i g h t
o f  82cm. Two v ie w in g  p o r t s  o f  p y rex  g l a s s  a r e  l o c a t e d
d i a m e t r i c a l l y  o p p o s i t e  t o  e a c h  o t h e r  w hich  a r e  p r o t e c t e d  from 
th e  f u r n a c e  h e a t  by s t a i n l e s s  s t e e l  s h i e l d s  -  a d j u s t a b l e  o u t s i d e  
t h e  f u r n a c e  i n  t h e  t o p  o f  t h e  cham ber. The vacuum w i t h i n  t h e  
fu r n a c e  i s  m easu red  by an  i o n i z a t i o n  g a u g e ,  w h i l e  two P i r a n i  
gauges  m o n i to r  t h e  b a c k in g  l i n e  p r e s s u r e .
The f u r n a c e  i t s e l f ,  made e n t i r e l y  o f  Mo, i s  c y l i n d r i c a l  and i s  
f i x e d  i n  p o s i t i o n  by s t a i n l e s s  s t e e l  s u p p o r t s .  I t  i s  18cm i n  
l e n g t h  and h a s  an  e x t e r n a l  d i a m e te r  o f  1 0 cm and c a s i n g  t h i c k n e s s  
su c h  t h a t  t h e  i n t e r n a l  d i a m e te r  i s  7cm. I t  i s  e l e c t r i c a l l y  
h e a te d  by Mo w in d in g s  w i t h i n  t h e  c a s i n g .
The power s u p p ly  can  p roduce  a  maximum c u r r e n t  o f  40 amps b u t  
t h e  maximum e v e r  r e q u i r e d  h a s  been  14 amps t o  m a i n t a i n  
950°C. The end o f  t h e  f u r n a c e  c o n s i s t s  o f  a  rem o v a b le  p l a t e  
t o  a l lo w  sp e c im en s  t o  be i n s e r t e d  th ro u g h  t h e  e n t r y  p o r t .  Two 
h o l e s  a r e  d r i l l e d  i n t o  t h e  p l a t e  f o r  t h e  i n s e r t i o n  o f  two 
s e p a r a t e  A l /P t  13$Rd th e rm o c o u p le s  i f  i n d e p e n d e n t  m o n i t o r i n g  o f
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th e  t e m p e ra tu re  i s  r e q u i r e d .
The sp ec im en s  a r e  e n c lo s e d  in  a  s m a l l  s t a i n l e s s  s t e e l  box o f
d im e n s io n s  5cm by 3cm. The box a c t s  a s  b o th  a s  a  c o n t a i n e r  f o r  
t h e  d i s c s  and a l s o  a s  a  p h y s i c a l  b a r r i e r  t o  im p in g in g  g as
m o le c u le s ,  t h u s  r e d u c in g  any c o n ta m in a t io n  o f  t h e  f o i l  s u r f a c e s .  
The c o n t a i n e r  i s  p l a c e d  i n  t h e  c e n t r e  o f  t h e  f u r n a c e  and a 
th e rm o co u p le  i s  p o s i t i o n e d  c l o s e  above  i t  t o  m o n i to r  t h e  
t e m p e r a t u r e .  The d o o r  i s  f i r m l y  c lo s e d  and a s  a  f u r t h e r  
p r e c a u t i o n  a  t u n g s t e n  w i r e  i s  s e c u r e d  a c r o s s  t h e  p l a t e  t o  e n s u r e  
t h a t  t h e  d o o r  d o e s  n o t  work l o o s e .
Once t h e  e n t r y  p o r t  h a s  been  b o l t e d  and th e  sy s tem  e v a c u a te d  t o  
~10“ 7 t o r r  ( t h i s  u s u a l l y  t a k e s  2 - 3  h o u r s ) ,  t h e  sp e c im en s  may 
be a n n e a l e d .  The t e m p e r a tu r e  i s  c o n t r o l l e d  by an  a u to m a t i c  
E uro therm  t e m p e r a tu r e  c o n t r o l l e r  w hich  r e g u l a t e s  t h e  amount o f  
c u r r e n t  s u p p l i e d  to  t h e  f u r n a c e .  As a  ch e ck  a  se co n d  
th e rm o co u p le  h a s  been  i n s e r t e d  and c o n n e c te d  to  a n  i n d e p e n d e n t
t e m p e r a tu r e  r e a d - o u t .  D i s c r e p a n c ie s  o f  1 0 °C h av e  b een
o b s e rv e d .  The t e m p e r a tu r e  o f  t h e  f u r n a c e  i s  r a i s e d  a s  q u i c k l y  
a s  p o s s i b l e ,  s i n c e  t h e  s t a r t  o f  t h e  a n n e a l in g  p e r i o d  i s  s e t  when 
t h e  d e s i r e d  t e m p e r a tu r e  i s  r e a c h e d .  The t y p i c a l  f u r n a c e  h e a t i n g  
r a t e  f o r  a  f i n a l  t e m p e ra tu re  o f  750°C i s  g iv e n  i n  f i g .  8 .
A lthough  t h e  vacuum p r e s s u r e  i s  s e e n  t o  d ro p  a s  t h e  f u r n a c e  i s  
h e a te d  -  due t o  d e g a s s in g  o f  m e ta l  s u r f a c e s  and e v a p o r a t i o n  o f  
c o n ta m in a n ts  -  i t  i s  u s e f u l  to  n o t e  t h a t  t h e  vacuum w i t h i n  t h e  
chamber r a r e l y  d e t e r i o r a t e s  beyond 3 x 1 O” ^ t o r r  and u s u a l l y  
a f t e r  one h ou r  a  vacuum o f  <5 x 1 O” ^ t o r r  i s  a t t a i n e d .
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As can  be se en  from th e  h e a t i n g  c u rv e  g iv e n  i n  f i g .  8 , t h e  t im e  
t a k e n  b e f o r e  t h e  r e q u i r e d  t e m p e r a tu r e  i s  r e a c h e d  i s  u s u a l l y  v e r y  
s m a l l  in  co m p ar iso n  w i th  t h e  a n n e a l in g  t im e s .  F u r th e rm o re  t h e  
c o o l in g  r a t e  w i t h i n  t h e  f u r n a c e  i s  su c h  t h a t  i t  g e n e r a l l y  t a k e s  
1/2 ho u r  t o  c o o l  from 8 0 0 °C t o  be low  6 0 0 °C. T h e r e f o r e
t h e  h e a t i n g  and c o o l i n g  p e r i o d s  a r e  u n l i k e l y  t o  s e r i o u s l y  a f f e c t
b u b b le  m i g r a t i o n  and g ro w th .
Once t h e  a n n e a l in g  t r e a t m e n t  i s  c o m p le te ,  t h e  f u r n a c e  i s  a l lo w e d  
to  c o o l  to  room t e m p e ra tu re  o v e r n i g h t .  To remove t h e  sp e c im en s  
t h e  chamber m ust be r e t u r n e d  to  a tm o s p h e r ic  p r e s s u r e .  I f  a i r  i s  
b l e d  i n t o  t h e  chamber i t  c o u ld  c o n ta m in a te  t h e  f o i l  s u r f a c e s  and 
a l s o  w a te r  v a p o u r  may be a b s o rb e d  o n to  th e  f o i l  s u r f a c e s ,  t h u s  
l e n g t h e n in g  pumping down t im e s  and c a u s in g  vacuum d e g e n e r a t i o n  
by o u t g a s s i n g  d u r in g  th e  h e a t i n g  p r o c e s s .  T h e r e f o r e  a  h i g h
p u r i t y  a rg o n  gas  ( 9 9 - 9 % p u re )  i s  i n t r o d u c e d  i n t o  t h e  cham ber 
r a t h e r  th a n  a i r ;  b e in g  m o n i to re d  by a  s im p le  g l a s s  m anom eter .  
A s t r e a m  o f  a rg o n  a l s o  f low s th ro u g h  t h e  sy s tem  w h i l s t  t h e  
sp ec im en s  a r e  changed  to  f u r t h e r  r e d u c e  any  e f f e c t s  o f  a i r
c o n ta m in a t io n .
5--g.A Ae.t .goAlsMng
S in c e  i t  i s  known t h a t  t h e  He band o f  u n ifo rm  c o n c e n t r a t i o n  l i e s  
a t  a  d e p th  from th e  im p la n te d  s u r f a c e  be tw een  1 9 0 nm and 5 7 5 nm, 
i t  i s  d e s i r a b l e  t o  remove a t  l e a s t  2 0 0 nm from t h i s  s u r f a c e  su c h  
t h a t  p o s t - a n n e a l i n g  b a c k -  t h i n n i n g  w i l l  p roduce  f o i l s  c o n t a i n i n g  
e l e c t r o n  t r a n s p a r e n t  r e g i o n s  o f  u n ifo rm  He c o n c e n t r a t i o n .
Bubble  d a t a  from  t h e s e  r e g i o n s  a r e  t h e n  compared w i th  d a t a  from  
spec im ens  w hich  h av e  been  b a c k - th in n e d  w i th o u t  rem oving  any  
’ d e a d 1 m a t e r i a l  from th e  im p la n te d  s i d e .
To t h i s  end an e l e c t r o p o l i s h i n g  r i g  was s e t  up a f t e r  Lee and
R o w c li f f e  ( 6 7 ) .  The p r o c e s s  i s  c a r r i e d  o u t  u s in g  c o n v e n t i o n a l
j e t t i n g  equ ipm ent i n  w hich  t h e  specim en i s  p l a c e d  on a
h o r i z o n t a l  s t a i n l e s s  s t e e l  mesh anode  and s u b j e c t e d  t o  a
v e r t i c a l  j e t  o f  e l e c t r o l y t e ,  w hich  i s  f e d  from a  p r e s s u r i z e d
E rlenm eyer  f l a s k .  The a p p a r a tu s  i s  i l l u s t r a t e d  i n  f i g .  9. A
power s u p p ly  i s  u se d  i n  c o n ju n c t io n  w i th  an  e l e c t r o n i c  c i r c u i t ,
*
d e s ig n e d  a t  S u r r e y ,  t o  p roduce  c u r r e n t  p u l s e s  i n  i n c r e m e n t s  o f  
0 .1  s e c o n d s .  The m ost im p o r ta n t  f e a t u r e  o f  t h e  eq u ip m en t  i s  t h e  
p r o d u c t i o n  o f  s q u a re  c u r r e n t  p u l s e s  w i th  a  d e c a y  t im e  o f  l e s s  
th a n  1 0  m i l l i s e c o n d s  s i n c e  lo n g  d e c ay  t im e s  l e a d  t o  l o s s  o f
p o l i s h i n g  u n i f o r m i t y .
I t  i s  n e c e s s a r y  t o  d e te r m in e  t h e  optimum e l e c t r o l y t e ,  p o l i s h i n g  
c u r r e n t  and j e t  p a ra m e te r s  needed  to  p roduce  a u n ifo rm  p o l i s h i n g  
r a t e  o v e r  t h e  e n t i r e  sp e c im en .  T here  a r e  numerous p a r a m e t e r s  
which i n f l u e n c e  t h i s  aim -  u n i fo rm  e l e c t r o l y t e  f lo w  o v e r  t h e
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*  E. WORPE
s u r f a c e  i s  g overned  p r i m a r i l y  by t h e  j e t  d i a m e te r .  When t h e  j e t  
s i z e  i s  to o  s m a l l ,  d im p l in g  o c c u r s ,  when to o  l a r g e ,  f lo w  i s  
d i s r u p t e d  around  th e  e d g e s  and p o l i s h i n g  becomes n o n - u n i f o rm .  
F o r  d i s c s  o f  3mm, a  j e t  s i z e  n o z z le  o f  2.3mm i s  u s e d .  A ch ie v in g  
a  u n ifo rm  p o l i s h i n g  f i l m  r e l i e s  on e l e c t r o l y t e  c o m p o s i t i o n ,  j e t  
h e i g h t  and f lo w  r a t e .  I f  t h e  j e t  i s  to o  n e a r  t o  t h e  s u r f a c e  
p i t t i n g  o c c u rs  be low  t h e  a n o d e .  I f  t h e  f lo w  r a t e  i s  t o o  f a s t  
t h e  p o l i s h i n g  l a y e r  i s  removed and th e  s u r f a c e  becomes u n e v e n .  
T h e r e f o r e  t h e  f lo w  r a t e  m ust be  s low  enough t o  m a i n t a i n  t h e  
p o l i s h i n g  f i lm  y e t  s u f f i c i e n t  t o  m a i n t a i n  u n i fo rm  f lo w .
In  g e n e r a l  a  10% p e r c h l o r i c  a c i d / a c e t i c  a c id  e l e c t r o l y t e  i s  u sed
a t  room t e m p e ra tu re  w i th  300V n e c e s s a r y  t o  a t t a i n  a  peak  c u r r e n t
o f  100mA. The p u l s e  w id th  was s e t  a t  100 m i l l i s e c o n d s  w i th  a
p u l s e  r a t e  o f  1 p u l s e / s e c .  N ozzle  t o  specim en  h e i g h t  v a r i e d
©
betw een  0 . 5 - 1 . 0  cm. To remove a  l a y e r  o f  ~200nm (^500A) th e
number o f  p u l s e s  v a r i e d  w i th  t h e  j e t  h e i g h t  b u t  g e n e r a l l y  l a y  
be tw een  4 and 6  p u l s e s .
Dummy sp e c im en s  were used  to  o b t a i n  t h e  c o r r e c t  s t e p  h e i g h t ,  
w hich  was m easu red  u s in g  a T a l y s t e p  s e n s i t i v e  enough t o  r e g i s t e r  
a  s t e p  o f  <200A. A f t e r  b e in g  s a t i s f i e d  t h a t  t h e  number o f  
p u l s e s  would remove t h e  d e s i r e d  s e c t i o n ,  some o f  t h e  sp e c im e n s  
were p u l s e  p o l i s h e d  on t h e  im p la n te d  s i d e  and s u b s e q u e n t l y  
r i n s e d  i n  m e th a n o l .  B a c k - th in n in g  o f  t h e  sp e c im en s  was t h e n  
c a r r i e d  o u t  a s  d e s c r i b e d  be low .
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5 . 2 . 5  B a c k - t a in n i n g
■ i d a r t r  A  ^  t  n t  ^ n r i r i t  i n f i l l  iit t ^
Once t h e  d i s c s  have  been  a n n e a le d  a n d /o r  j e t  p o l i s h e d ,  t h e y  may 
be e l e c t r o p o l i s h e d  to  p e r f o r a t i o n .  To p roduce  e l e c t r o n  
t r a n s p a r e n t  r e g i o n s  c o n t a i n i n g  He b u b b le s ,  t h e  sp e c im en s  were 
b a c k - th in n e d  from th e u n l m p l a n te d s u r f a c e .
To a c h ie v e  t h i s ,  t h e  im p la n te d  s i d e s  o f  t h e  sp e c im en s  were 
c o a te d  w i th  an  i n e r t  s u b s t a n c e ,  l a c o m i t ,  t o  e n s u r e  t h a t  t h e  
l a y e r  c o n t a i n i n g  th e  He would n o t  be rem oved. T h in n in g  to  
p e r f o r a t i o n  in v o lv e d  u t i l i z i n g  th e  p h o t o e l e c t r i c  c e l l  on t h e  
T en u p o l ,  so  t h a t  t h e  p o l i s h i n g  p r o c e s s  would s t o p  a u t o m a t i c a l l y  
once  t h e  h o l e  h a s  fo rm ed . When t h e  a la rm  i s  h e a r d ,  t h e  m o to r  
and th e  c u r r e n t  w i l l  be a u t o m a t i c a l l y  c u t  o f f  and t h e  spec im en  
i s  removed q u i c k l y  f o r  r i n s i n g .  The e l e c t r o p o l i s h i n g  c o n d i t i o n s  
u se d  f o r  t h e  f i n a l  p e r f o r a t i o n  a r e  s i m i l a r  t o  t h o s e  u se d  f o r  t h e  
i n i t i a l  p r o f i l i n g  o f  t h e  d i s c s  e x c e p t  t h a t  t h e  c u r r e n t  i s  
m a in ta in e d  a t  a  c o n s t a n t  60mA i r r e s p e c t i v e  o f  t e m p e r a t u r e .
Bubble, S.lze. jfea_3,urA me_n.t
Q u a n t i t a t i v e  e v a l u a t i o n s  o f  b u b b le  g row th  d u r in g  p o s t  i r r a d i a t i o n  
a n n e a l in g  were s u b s e q u e n t ly  made u s in g  a  J e o l  100B t r a n s m i s s i o n  
e l e c t r o n  m ic ro s c o p e .  I t  i s  n a t u r a l l y  im p o r t a n t  t h a t  b u b b le  s i z e s  
a r e  a c c u r a t e l y  m easu red  from TEM m ic ro g ra p h s  and so t h e  m ic r o g ra p h s
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need to  be c l e a r  and w e l l - d e f i n e d .  D i f f i c u l t i e s  a r i s e  when 
s tu d y in g  a  f e r r i t i c  s t e e l  in  t h e  TEM b e c a u s e  o f  i t s  m a g n e t ic  
p r o p e r t i e s  w hich  m a n i f e s t  th e m s e lv e s  i n  beam d e f l e c t i o n  and s e v e r e  
a s t i g m a t i s m .  Thus t h e  m ic ro sc o p e  m ust be w e l l - a l i g n e d  and any  
a s t i g m a t i s m  c o r r e c t e d  b e f o r e  p h o to g ra p h y .
A lthough  t h e  b u b b le s  a p p e a r  t o  be i n v i s i b l e  i n  t h e  a t - f o c u s  
c o n d i t i o n ,  t h e i r  c l a r i t y  i s  much im proved  by im ag in g  o u t  o f  f o c u s .  
When imaged u n d e r f o c u s ,  b u b b le s  show a b r i g h t  m id d le  s u r ro u n d e d  by 
a  d a r k  F r e s n e l  f r i n g e .  The r e v e r s e  o c c u r s  when v iew ed o v e r f o c u s .  
Thus b u b b le s  a r e  imaged s l i g h t l y  u n d e r fo c u s  u s in g  k i n e m a t i c a l  many 
beam c o n d i t i o n s  c l o s e  t o  a  <111>. Two beam im ages w ere  a v o id e d  
b e c a u s e  o f  t h e  c o n t r a s t  v a r i a t i o n s  w hich  r e s u l t s  from  v a r i a t i o n s  i n  
f o i l  t h i c k n e s s  and o p e r a t i n g  r e f l e c t i o n s  ( 6 8 ) .
U sing th e  v i s i b i l i t y  and d i f f r a c t i o n  c o n d i t i o n s  a b o v e ,  TEM 
m ic ro g ra p h s  were t a k e n  i n  t h e  <111> o r i e n t a t i o n s .  S in c e  He b u b b le s  
e x h i b i t  { 1 0 0 } c u b ic  m o rp h o lo g ie s  i n  t h e  f e r r i t i c  s t e e l ,  i n  t h i s  
o r i e n t a t i o n  t h e  { 1 0 0 } cubes  p r o j e c t  t h e  shape  o f  a  r e g u l a r  h e x a g o n .  
T h is  i s  shown i n  f i g .  10. The l e n g t h  o f  e a c h  hexagon  edge  r e l a t e s  
t o  t h e  c o r r e s p o n d in g  r e a l  d im e n s io n s  by t h e  f o l l o w in g  e q u a t i o n  :
a '  b '  = s i n  © a b
(w here @= 5 4 .4 4 ° )
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P h o to g ra p h s  were t a k e n  a t  t r u e  m a g n i f i c a t i o n s  be tw een  60 ,000  and 
7 2 ,000  t i m e s .  The m ic ro g ra p h s  were s u b s e q u e n t ly  p r i n t e d  and 
e n la r g e d  4 t i m e s .
Bubble  s i z e s  were m easu red  by i n i t i a l l y  o u t l i n i n g  th e  i n s i d e  edge
o f  t h e  f i r s t  d a rk  F r e s n e l  f r i n g e  o f  e a c h  b u b b le .  L e n g th s  o f  t h r e e
a d j a c e n t  f a c e t s  were r e c o r d e d  to  t h e  n e a r e s t  0 . 1mm u s in g  a
0
c a l i b r a t e d  e y e - p i e c e .  F o r  s m a l l  b u b b le s  (<20A) th e  f a c e t s  were 
i n d i s t i n c t  s i n c e  t h e i r  s i z e  was n e a r  t h e  r e s o l u t i o n  l i m i t  o f  t h e  
m ic ro sc o p e  and t h r e e  d i a m e te r s  were m easu red  w hich  were assum ed to  
be e q u a l  t o  t h e  l e n g t h  ad i n  f i g .  10. S in c e  ad* = 2bc t h e s e  
l e n g t h s  can  e a s i l y  be t r a n s l a t e d  to  b u b b le  d im e n s io n s .
Between 500-750 b u b b le s  from  d i f f e r e n t  a r e a s  on t h e  same sam ple  
were m easu red  t o g e t h e r  w i th  t h e  a r e a  c o v e re d ,  and th e  d a t a  e n t e r e d  
i n t o  a  com puter  program  w hich  p roduced  a  s i z e  d i s t r i b u t i o n  i n  t h e  
form o f  a  h i s to g r a m  and o t h e r  p a ra m e te r  v a l u e s .
5. 4 A n a ly s i s .  o f  .M easured, D.at.a.
A com puter  program  was u sed  to  q u a n t i f y  t h e  b u b b le  p o p u l a t i o n s .  
Each m easurem ent was c o n v e r te d  i n t o  t h e  t r u e  s i z e  o f  t h e  b u b b l e .  
The t r u e  volume was t h e n  computed f o r  e a c h  b u b b le  and a  mean b u b b le  
volume was c a l c u l a t e d .  The b u b b le  d e n s i t y  was a l s o  computed 
assum ing  specim en t h i c k n e s s e s  o f  be tw een  1000i and 2000X. F i n a l l y  
a  s i z e  d i s t r i b u t i o n  was p l o t t e d  and a v a i l a b l e  i n  t h e  form  o f  a
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h i s to g r a m .  From t h i s  t h e  modal b u b b le  s i z e  c o u ld  be used  to  
c h a r a c t e r i z e  t h e  b u b b le  p o p u l a t i o n .  By u s in g  th e  modal v a lu e  t h e  
end e f f e c t s  o f  t h e  s i z e  d i s t r i b u t i o n  can  be i g n o r e d .
5 .5  Hob S ta g e  E x p e r im en ts
E x p e r im e n ts  u s in g  a  h e a t i n g  s t a g e  were a l s o  c o n d u c te d  t o  s tu d y  t h e  
n u c l e a t i o n  b e h a v io u r  o f  t h e  b u b b l e s .  Spec im ens ,  im p la n te d  b u t  n o t  
a n n e a l e d ,  w ere  b a c k -  th in n e d  and examined i n - s i t u  i n  t h e  JEM 200CX 
m ic ro sc o p e  u s in g  th e  J e o l  h e a t i n g  s t a g e .  The sp e c im en s  w ere  h e a t e d  
from room te m p e ra tu re  t o  6 0 0 °C and th e  n u c l e a t i o n  and g row th  o f  
t h e  b u b b le s  o b s e rv e d  o v e r  a  p e r i o d  o f  9 0  m in u te s .
To o b t a i n  an  a c c u r a t e  v a lu e  f o r  t h e  b u b b le  d e n s i t y  p e r t a i n i n g  to  
e a c h  a n n e a l in g  c o n d i t i o n ,  t h e  f o i l  t h i c k n e s s  s h o u ld  be m e a s u re d .  
U n f o r tu n a t e l y  t h i c k n e s s  m easu rem en ts  a r e  u s u a l l y  t im e  consum ing i n  
t h e  s e t t i n g  up o f  t h e  n e c e s s a r y  c o n d i t i o n s  ( c o n v e r g e n t  beam 
t e c h n i q u e ,  i n t e n s i t y  o f  X -ray  e m is s io n  ( 6 9 ) ) .  Due t o  t h e  l a c k  o f  
t im e  a v a i l a b l e ,  t h e  f o i l  t h i c k n e s s  was o n ly  d e te rm in e d  u s in g  th e  
c o n ta m in a t io n  s p o t  m ethod .
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B ecause  o f  t h e  p r e v i o u s l y  m en tioned  d i f f i c u l t i e s  a s s o c i a t e d  w i th  
t r a n s m i s s i o n  e l e c t r o n  m ic ro sc o p y  o f  m ag n e t ic  m a t e r i a l s ,  a u s t e n i t i c  
s t a i n l e s s  s t e e l  f o i l s  were u sed  to  a s s e s s  t h e  t h i c k n e s s .  The 
a u s t e n i t i c  s t a i n l e s s  s t e e l  f o i l s  had r e c e iv e d  i d e n t i c a l  t r e a t m e n t s  
t o  t h e  f e r r i t i c  s t e e l  f o r  i n v e s t i g a t i o n  o f  b u b b le  g row th  k i n e t i c s  
by Arm strong and Goodhew ( 1 3 ) .  I t  i s  assumed t h a t  t h e  f o i l  
t h i c k n e s s  o f  t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l  i s  v e r y  s i m i l a r  t o  t h a t  
o f  f e r r i t i c  s t e e l  s i n c e  t h e  a to m ic  d e n s i t i e s  a r e  v e r y
c l o s e  and th e  same im ag ing  c o n d i t i o n s  were used  ( i e .  i n  t e r m s  o f  
image b r i g h t n e s s ,  beam c u r r e n t ,  beam c o n d i t i o n s ) .
The p e r f o r a t e d  d i s c  was i n s e r t e d  i n t o  t h e  P h i l i p s  400T. 
M easurement o f  t h e  f o i l  t h i c k n e s s  u s in g  th e  c o n ta m in a t io n  s p o t  
t e c h n iq u e  i n v o lv e s  t h e  i r r a d i a t i o n  o f  t h e  specim en  w i th  a  fo c u s s e d  
beam o f  e l e c t r o n s  t o  p r o v id e  a cone o f  c o n ta m in a t io n  on t h e  u p p e r  
and low er  s u r f a c e s  o f  t h e  f o i l ;  when t h e  f o i l  i s  t i l t e d  t h r o u g h  a 
known a n g le  ( s e e  f i g .  1 1 a )  th e  f o i l  t h i c k n e s s  may be d e te r m in e d  by 
m e a s u r in g  th e  s p o t  s e p a r a t i o n .
The m ost s u i t a b l e  c o n d i t i o n s  f o r  d e p o s i t i n g  c o n ta m in a t io n  s p o t s  on 
t h e  f o i l  were found to  be u s in g  th e  s m a l l e s t  s p o t  s i z e  6  ( d ia m e te r  
400A) a t  a  w ork ing  v o l t a g e  o f  120kV. The c o ld  s t a g e  was n o t  i n  
o p e r a t i o n  when d e p o s i t i n g  th e  c o n ta m in a t io n  s p o t s .  T h is  e n a b le d  
th e  s p o t s  t o  be v i s i b l e  a f t e r  s e c o n d s  o f  i r r a d i a t i o n  r a t h e r  t h a n  
m in u te s ,  t h u s  r e d u c in g  any  p ro b le m s  o f  d r i f t  o f  e i t h e r  beam o r  
s p ec im en .  C o n ta m in a t io n  s p o t s  were formed on th e  s t a i n l e s s  s t e e l  
f o i l  f o r  p e r i o d s  o f  2 0  s e c o n d s .
F i g .  11b shows a  p l o t  o f  c a rb o n  t h i c k n e s s  a c r o s s  t h e  im a g e .  A
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p la n  v iew  o f  t h e  s p o t s  i s  shown i n  f i g .  1 1 c from w hich  one  s e e s  
t h a t  m easu rem en ts  m ust be t a k e n  be tw een  t h e  t i p s  o f  t h e  c u s p s  i e .  
be tw een  XX' and YY ' . The t h i c k n e s s  can  th e n  be c a l c u l a t e d  from th e  
f o l l o w in g  e q u a t io n  :
t  -  X , ( .d is ta n c e  be.tweeji conesj .  
s i n  ( t i l t  a n g le )  x mag
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.6 . .RESULTS
As He b u b b le s  grow i n  t h e  f e r r i t i c  s t e e l  m a t r ix  t h e y  a d o p t  s t r o n g l y
O
f a c e t e d  s h a p e s .  Sm all b u b b le s  (<20A) grown a t  lo w e r  t e m p e r a t u r e s  and 
s h o r t e r  a n n e a l in g  t im e s  a p p e a r  t o  p o s s e s s  s p h e r i c a l  sh a p e s  a s  shown i n  
f i g .  1 2 a ,  a l t h o u g h  t h i s  s p h e r i c a l  a p p e a ra n c e  i s  somewhat r e l a t e d  to  
t h e  r e s o l u t i o n  l i m i t  o f  t h e  m ic ro s c o p e .
Longer a n n e a l in g  t im e s  and h i g h e r  t e m p e r a t u r e s  p ro d u ce  c u b o id a l  
b u b b le s  bounded by l a r g e  {100} f a c e t s  ( f i g .  12b ) .  These b u b b le s  a r e  
e i t h e r  c o m p le te ly  c u b ic  o r  r e c t a n g u l a r  p a r a l l e l e p i p e d s  ( b r i c k - s h a p e d  
w i th  a  = b /  c) bounded by {100}. Upon v ie w in g  i n  t h e  <111>
d i r e c t i o n ,  t h e  b u b b le s  t h e n  p r o j e c t  im ages o f  r e g u l a r  hex ag o n s  o r
e lo n g a t e d  hexagons  r e s p e c t i v e l y .  Very l a r g e  b u b b le s  grown a f t e r  lo n g  
a n n e a l s  a t  8 0 0 °C, f u r t h e r  e x h i b i t  a  te n d e n c y  t o  t r u n c a t i o n  a lo n g
th e  < 1 0 0 > and some d e v e lo p  d i s t i n c t l y  rounded  < 1 0 0 > edges  a s  c an  be
s e e n  i n  f i g .  1 2 b .
6_.J, .C h a r a c t e r i s i n g  .the, Bubb.le. S ize. D i s t r i b u t i o n s
When s tu d y in g  th e  g row th  k i n e t i c s  o f  b u b b le s  i n  a  m a t e r i a l ,  i t  i s  
n e c e s s a r y  t o  c h a r a c t e r i s e  t h e  b u b b le  p o p u l a t i o n  a p p e r t a i n i n g  to  
e a c h  a n n e a l in g  c o n d i t i o n  by a  s i n g l e  d im e n s io n .  At l e a s t  t h r e e  
d i f f e r e n t  p a r a m e te r s  c o u ld  be u sed  to  d e s c r i b e  t h e  b u b b le  
p o p u l a t i o n .  These a r e  :
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1 ) th e  modal s i z e  o f  t h e  h i s to g r a m
2 ) Mv _ th e  cube r o o t  o f  t h e  mean b u b b le  volume
3)  Me _ th e  mean cube d im en s io n  a v e ra g e d  from th e  t o t a l  summed
d im e n s io n s .
F i g .  13 g iv e s  s i z e  h i s to g r a m s  r e l a t i n g  to  8 , 25 and 200 h o u r s  a t  
8 0 0 °C. T h is  se q u e n c e  i l l u s t r a t e s  t h e  deve lopm en t o f  t h e  b u b b le  
p o p u l a t i o n  upon a n n e a l in g  and a l s o  d e p i c t s  t h e  u s e f u l n e s s  o f  
c h a r a c t e r i s i n g  e a ch  d i s t r i b u t i o n  by t h e  modal v a lu e  o f  t h e  
h i s to g r a m .  A f t e r  8  h o u r s  a t  8 0 0 °C, t h e  s i z e  d i s t r i b u t i o n  i s  
f a i r l y  Norm al. As t h e  t im e  a t  t e m p e r a tu r e  i n c r e a s e s  t h e r e  i s  a 
g r a d u a l  e x t e n s i o n  o f  t h e  h i s to g r a m  t a i l  t o  l a r g e  d im e n s io n s ,  
i n d i c a t i n g  t h a t  b u b b le s  a r e  p r e s e n t  w hich  a r e  much l a r g e r  th a n  
t h o s e  fo rm ing  th e  m a j o r i t y .  B ecause  o f  t h e  d e v e lo p m en t  o f  t h i s  
t a i l ,  c a r e  m ust be t a k e n  when c h a r a c t e r i s i n g  th e  p o p u l a t i o n  by one 
p a r a m e te r .  A lthough  t h e  d i s t r i b u t i o n  may be c o n s id e r e d  norm al a t  
s h o r t e r  a n n e a l in g  t im e s  ( 8  h o u r s ) ,  t h e  d e v e lo p in g  t a i l  g r e a t l y  
i n f l u e n c e s  t h e  v a lu e s  o f  t h e  a v e ra g e  cube d im e n s io n  (My) and 
th e  mean e q u i v a l e n t  cube  d im e n s io n  (Mg), s i n c e  b o th  a r e  
s e n s i t i v e  t o  t h e  number and s i z e  o f  l a r g e  b u b b l e s .  A l th o u g h  t h e  
number o f  l a r g e  b u b b le s  i s  r e l a t i v e l y  s m a l l ,  t h e y  w i l l  c o n t a i n  a  
l a r g e  p r o p o r t i o n  o f  t h e  t o t a l  volume o f  b u b b le s  i n  t h e  f o i l .
The v a lu e s  o f  t h e  mode, M0  a nd Mv a r e  i n d i c a t e d  on t h e
h i s to g r a m s  d e r iv e d  f o r  8  and 200 h o u r s  a t  7 0 0 °C and i l l u s t r a t e d  
in  f i g .  14. As can  be s e e n ,  a l r e a d y  a t  8  h o u r s ,  t h e  v a l u e s  o f  
Me and Mv d e v i a t e  s l i g h t l y  from  th e  modal s i z e ,  b u t  t h e  
d e v i a t i o n  becomes much more p ronounced  a f t e r  200 h o u r s .  I t  i s  
c l e a r  t h a t  t h e  cube d im e n s io n  w hich  b e s t  c h a r a c t e r i s e s  t h e  b u b b le s
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i s  t h e  modal s i z e  s i n c e  g row th  by m ig r a t i o n  and c o a l e s c e n c e  w i l l  be 
i n f l u e n c e d  by t h e  m a j o r i t y  o f  b u b b l e s .  T h is  v a lu e  i s  t h e r e f o r e  
u sed  th ro u g h o u t  t h e  p r o j e c t  and by o t h e r  w o rk e rs  ( 7 0 , 7 1 ) t o  s tu d y  
t h e  g row th  k i n e t i c s  o f  He b u b b le s  i n  m a t e r i a l s .
6 .2  B ubble  Growth Curves
T a b le  5 g iv e s  t h e  modal b u b b le  s i z e s  f o r  e a c h  a n n e a l in g  c o n d i t i o n  
t o g e t h e r  w i th  t h e  mean cube  d im e n s io n s  (Me ) and t h e  cube 
d im e n s io n s  d e te rm in e d  from th e  a v e ra g e  b u b b le  volum es (My). 
These d a t a  a r e  p roduced  i n  f i g .  15 i n  t h e  form o f  a  l o g  p l o t  o f  
t h e  modal b u b b le  cube d im e n s io n  a s  a  f u n c t i o n  o f  t h e  t h r e e  
t e m p e r a t u r e s  a t  w hich  b u b b le  g row th  m easu rem en ts  were made (7 0 0 ,  
750, 8 0 0 ° C ) . S in c e  many p r o c e s s i n g  s t a g e s  a r e  in v o lv e d  i n  
p ro d u c in g  th e  f i n a l  r e s u l t s ,  t h e  r e l i a b i l i t y  o f  t h e  d a t a  m ust a l s o  
be i n v e s t i g a t e d .  S c a t t e r  was t h e r e f o r e  d e te rm in e d  by a n a l y s i n g  
t h r e e  d i f f e r e n t  s e t s  o f  f o i l s  w hich  had been  i n d e p e n d e n t l y  
im p la n te d  and a n n e a le d  a t  700°C f o r  25 h o u r s .  The r a n g e  o f  
s c a t t e r  i s  i n d i c a t e d  i n  f i g .  15.
At t e m p e r a t u r e s  7 0 0 °C and 750°C, t h e  r a t e  o f  b u b b le  g row th  
a p p e a r s  t o  d e c r e a s e  w i th  i n c r e a s i n g  a n n e a l in g  t im e  su c h  t h a t  a 
p l a t e a u  i s  r e a c h e d  a f t e r  70 h o u r s .  2 0 0  h o u r s  i s  t h e  l o n g e s t  
p r a c t i c a l  a n n e a l in g  p e r i o d  c a r r i e d  o u t  and i t  i s  assum ed t h a t  
b u b b le  grow th  b e h a v io u r  d oes  n o t  a l t e r  beyond t h i s  t i m e .  The 
k i n e t i c s  o f  b u b b le  g row th  a t  t h e s e  t e m p e r a t u r e s  a p p e a r  s i m i l a r ,
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s i n c e  b o th  c u rv e s  ru n  p a r a l l e l  w i th  i n i t i a l  s l o p e s  o f  1 / 5  w hich  
d e c r e a s e  t o  form p l a t e a u x  a f t e r  70 h o u r s .  At 7 0 0 °C t h e  f i n a l  
b u b b le  s i z e  i s  27A w h ereas  f o r  750°C i t  i s  36A.
At 8 0 0 °C, how ever, t h e  g row th  c u rv e  d o e s  n o t  f l a t t e n  o u t  b u t  
c o n t i n u e s  a s  a  s t r a i g h t  l i n e  w i th  a  g r a d i e n t  o f  ~ 1 / 6 .
F u r th e r m o r e ,  t h e  b u b b le  s i z e  i t s e l f  i s  much l a r g e r  w i th  m odal cube
O
d im e n s io n s  o f  91A a f t e r  200 h o u r s .  M easurem ents o f  b u b b le  s i z e s  a t  
850°C h av e  been  made by o t h e r  w o rk e rs  w i t h in  t h e  g roup  (76) and 
a r e  a l s o  shown on t h e  p l o t  i n  f i g .  15. The 850°C g row th  c u rv e  
l i e s  p a r a l l e l  t o  t h a t  o f  800°C and h a s  a  f i n a l  b u b b le  s i z e  o f
o
121A. F u r t h e r  a n n e a l s  were c a r r i e d  o u t  a t  t e m p e r a t u r e s  above
850°C. At 950°C and a b o v e ,  t h e  f o i l s  a p p e a re d  t o  c o n t a i n
huge b u b b le s  r a n g in g  up t o  m ic ro n s  i n  s i z e ,  a s  shown i n  f i g .  1 6 .
In  p r a c t i c e ,  how ever ,  t h e  u n c e r t a i n t y  o f  t h e  m easu red  r e s u l t s  a l s o  
n e c e s s i t a t e s  d e te r m in in g  t h e  a c t i v a t i o n  e n e rg y  (Q) f o r  b u b b le  
d i f f u s i o n ,  a s  an  a d d i t i o n a l  i n d i c a t i o n  o f  t h e  m i g r a t i o n  m echan ism . 
As p r e v i o u s l y  m en tio n ed  i n  s e c t i o n  , t h e  d i f f u s i o n  c o e f f i c i e n t ,  D, 
i s  p r o p o r t i o n a l  to  exp ( -Q /kT )  and so Q can  be c a l c u l a t e d  from th e  
e x p r e s s i o n  :
I n  ( r ^ / T 131) = -Q /kT + In  c
D ata  was t a k e n  from a n n e a l s  a f t e r  25 h o u r s  a t  t e m p e r a t u r e s  700 , 750 
and 800°C, a s  w e l l  a s  a d d i t i o n a l  d a t a  from p r e v io u s  work a t  
600, 650 and 8 5 0 °C. T h is  e n a b le d  a c o m p reh en s iv e  a n a l y s i s  o f  
t h e  sy s tem  to  be made.
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S in c e  t h e  i n i t i a l  s l o p e s  o f  t h e  TOO and 7 5 0 ° C  grow th  c u r v e s  had
g r a d i e n t s  o f  1 / 5  ( i e .  n = 5 ) ,  w h i l s t  th o s e  a t  8 0 0  and 8 5 0 ° C
e q u a l l e d  1 / 6 ,  t h e  r e s u l t s  were p l o t t e d  i n  t h e  form o f  I n  ( r n / T )  
v e r s u s  1 / T ,  w here  n = 5 and 6 ( s e e  f i g .  1 7 ) .  A lth o u g h  o t h e r
v a l u e s  o f  n were a l s o  i n v e s t i g a t e d  ( 2  t o  4 ) ,  t h e  v a l u e s  o f  n = 5
and n = 6  gave t h e  b e s t  s t r a i g h t  l i n e  f i t s  o f  t h e  p o i n t s  f o r  6 0 0 ,
6 5 0 ,  7 0 0  and 7 5 0 ° C .  At t h e s e  t e m p e r a t u r e s  t h e  a c t i v a t i o n
e n e rg y  (Q) was c a l c u l a t e d  t o  be ~ 2 . 2 5 eV. A lthough  t h e  8 0 0  and 
8 5 0 ° C  grow th  c u rv e s  had  g r a d i e n t s  w i th  n = 6 ,  i t  i s  i n t e r e s t i n g  
to  n o t e  t h a t  t h e  v a l u e s  o f  I n  ( r n / T )  f o r  t h e s e  t e m p e r a t u r e s  do 
n o t  f a l l  on t h e  b e s t  l i n e  o f  f i t  drawn f o r  t h e  lo w e r  t e m p e r a t u r e s .  
T h is  i m p l i e s  t h e  o p e r a t i o n  o f  a  second  mode o f  b u b b le  g ro w th  a t  
h i g h e r  t e m p e r a t u r e s  e s p e c i a l l y  s i n c e  t h e  v a lu e  o f  Q c a l c u l a t e d  f o r  
7 5 0 ° C  and above was c o n s id e r e d  to o  l a r g e  f o r  any  b u b b le  
d i f f u s i o n  mechanism (Q ~ 5 .3 7  eV ).
6 .,3 .Hot, S ta g e  R,es,ults
At room te m p e ra tu re  no b u b b le s  c o u ld  be s e e n  i n  t h e  f o i l  b u t  on 
r a i s i n g  th e  t e m p e r a tu r e  t o  6 0 0 °C, b u b b le s  were o b s e rv e d  a s  soon  
a s  t h e  image had s t a b i l i z e d  s u f f i c i e n t l y .  F i g .  18 shows f o u r  
m ic ro g ra p h s  from an i n - s i t u  a n n e a l in g  s e q u e n c e .  A lre a d y  w i t h i n  13 
m in u te s  o f  h e a t i n g  a t  6 0 0 °C, t h e  b u b b le  p o p u l a t i o n  a p p e a re d  
w e l l  e s t a b l i s h e d  and n u c l e a t i o n  had a p p a r e n t l y  c e a s e d .  At t h i s  
t im e ,  t h e  m a j o r i t y  o f  t h e  b u b b le s  were s m a l l e r  t h a n  1 . 5 nm i n  r a d i u s  
a l t h o u g h  t h e r e  were a  few l a r g e  b u b b le s  w i th  a  r a d i u s  o f  5 nm c l o s e
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t o  t h e  edge o f  t h e  f o i l .  The modal b u b b le  r a d i u s  was 1nm. The 
a n n e a l in g  sequence  shows t h a t  d e s p i t e  r a p i d  b u b b le  g row th  w i t h i n  
t h e  f i r s t  1 3  m in u te s  , t h e r e a f t e r  t h e  b u b b le s  m ig r a te d  v e r y  s lo w ly  
-  1 nm s iz e d  b u b b le s  moved an a v e ra g e  p r o j e c t e d  d i s t a n c e  o f  ~ 1 . 3 nm 
betw een 13 and 25 m in u te s .  No change  i n  b u b b le  s i z e  o r  d e n s i t y  was 
o b s e rv e d  d u r in g  th e  s e q u e n c e .
6 .A  J ) e n s i t y  Meas.urements
From th e  c o n ta m in a t io n  s p o t  m easu rem en ts  made, t h e  t h i c k n e s s  o f  t h e  
f o i l s  was d e te rm in e d  to  l i e  be tw een  800S n e a r  t h e  edge  and  2800A a t  
t h e  t h i c k e s t  e l e c t r o n  t r a n s p a r e n t  r e g i o n .  However i t  i s  g e n e r a l l y  
known ( 6 9 ) t h a t  t h e  c o n ta m in a t io n  s p o t  method o v e r e s t i m a t e s  t h e  
f o i l  t h i c k n e s s  by a s  much a s  16$. T h is  i s  due t o  a  number o f  
f a c t o r s  : The t e c h n iq u e  a l s o  m e a s u re s  any  o x id e  p ro d u ce d  d u r in g
f o i l  p r e p a r a t i o n  a s  w e l l  a s  any  c a rb o n a c e o u s  l a y e r  form ed p r i o r  t o  
m easu rem en t.  A l a r g e  s o u rc e  o f  e r r o r  a l s o  e x i s t s  i n  t h e  a c t u a l  
m easurem ent o f  t h e  d i s t a n c e  be tw een  t h e  c u s p s  o f  t h e  s p o t s .  T h is  
i s  m a in ly  a r e s u l t  o f  a  d i s c  o f  c o n ta m in a t io n  w hich  s u r r o u n d s  e a c h  
s p o t .
Taking  i n t o  a c c o u n t  t h e  o v e r e s t i m a t i o n  o f  t h e  t h i c k n e s s  by  t h i s  
m ethod , t h e  f o i l  may be presum ed t o  have  a t h i c k n e s s  o f  up t o  
2400il. B ubb les  a r e  n o t  o b s e rv e d  c l o s e  t o  t h e  edge  and s i n c e  t h e y  
a r e  n o t  v i s i b l e  beyond a t h i c k n e s s  o f  2400A, t h i s  d e f i n e s  a  r a n g e  
o f  f o i l  t h i c k n e s s  o f  1000A up t o  2400A.
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B ubble  d e n s i t i e s  have  been  c a l c u l a t e d  th ro u g h  t h e  com pute r  program  
and a r e  g iv e n  f o r  f o i l  t h i c k n e s s e s  o f  1000& and 2000A. T a b le  6  
l i s t s  t h e  b u b b le  d e n s i t i e s  a p p e r t a i n i n g  to  e a ch  a n n e a l in g  c o n d i t i o n  
and shows how t h e  d e n s i t y  o f  b u b b le s  d e c r e a s e s  w i th  a n n e a l i n g  t im e  
and a l s o  t e m p e r a t u r e .  T here  i s  more th a n  an  o r d e r  o f  m a g n i tu d e  
d i f f e r e n c e  be tw een  t h e  b u b b le  d e n s i t y  a f t e r  8  h o u r s  a t  7 0 0 °C 
( 1 5 .2  x 1 0 ^  N/cm3 f o r  1000A) and a f t e r  200 h o u r s  a t  
8 0 0 °C (1 x 101 0  N/em3 f o r  1000A).
The m a j o r i t y  o f  t h e  work c a r r i e d  o u t  on t h e  p r o j e c t  i n v o lv e d  
p r e p a r in g  spec im ens  w i th o u t  rem oving  2000S o f  ' d e a d '  m a t e r i a l  from 
th e  im p la n te d  s u r f a c e .  However, i t  was f i r s t  e s s e n t i a l  t o  e n s u r e  
t h a t  t h i s  p ro c e d u re  p roduced  r e p r e s e n t a t i v e  r e s u l t s  and  t h a t  t h e  
modal b u b b le  s i z e  and d i s t r i b u t i o n  d id  n o t  v a r y  s i g n i f i c a n t l y
w i t h i n  t h e  f o i l .
The v a l u e s  o f  t h e  modal b u b b le  s i z e ,  Me j  mv and b u b b le
o
d e n s i t y  o f  sp ec im en s  w hich  had 2000A removed from t h e  im p la n te d  
s i d e  a r e  g iv e n  i n  t h e  f o l l o w in g  t a b l e  7 .  These r e s u l t s  a r e  
compared w i th  t h o s e  o b t a i n e d  from sp e c im en s  p r e p a r e d  by t h e  n o rm al 
p r o c e d u r e .  The e f f e c t  o f  rem oving  a l a y e r  from th e  im p la n te d  s i d e
becomes a p p a r e n t  when a  co m p a r iso n  i s  made o f  t h e  r e s p e c t i v e
h i s to g r a m s  f o r  750°C, 100 h o u r s  ( f i g .  1 9 ) .  Upon rem oving  th e
o
2000A l a y e r ,  t h e  s i z e  d i s t r i b u t i o n  o f  t h e  b u b b le s  n a rro w s
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s i g n i f i c a n t l y  and becomes m o re . G a u ss ia n  i n  a p p e a r a n c e .  The lo n g  
t a i l  o f  l a r g e  b u b b le s  i s  re d u c e d  a l t h o u g h  t h e  d i s t r i b u t i o n  s t i l l  
f a v o u r s  l a r g e r  b u b b le  s i z e .  As one m ig h t  e x p e c t ,  t h i s  i s  r e f l e c t e d
i n  t h e  v a lu e s  o f  M0  an(j mv w h i l s t  t h e  modal b u b b le  
d im e n s io n s  rem a in  r e l a t i v e l y  u n a f f e c t e d .  At 7 5 0 ° C ,  100 h o u r s ,
t h e  v a lu e  o f  Mv f 0 r  n o r m a l ly  p r e p a r e d  spec im ens  i s  a lm o s t
O
d o u b le  t h e  modal s i z e ,  b u t  upon rem oving  2000A, t h e  modal b u b b le  
s i z e  v a r i e s  by o n ly  2 ? w h ereas  t h e  v a lu e  o f  My d ro p s  
c o n s i d e r a b l y .  T h is  t r e n d  i s  a l s o  o b s e rv e d  in  sp ec im en s  t r e a t e d  a t  
800°C f o r  200 h o u r s .
The p h o to g ra p h s  shown i n  f i g .  20 i n d i c a t e  t h e  r e a s o n  f o r  t h e  w ide  
s i z e  d i s t r i b u t i o n s  o f  n o r m a l ly  p r e p a r e d  sp e c im e n s .  In  sp e c im en s  
p r e p a r e d  n o rm a l ly ,  t h e  b u b b le  s i z e s  v a r y  g r e a t l y  from  t h e  edge  o f  
t h e  f o i l  in w a rd s ,  s i n c e  t h e  c o n c e n t r a t i o n  o f  He d o e s  n o t  r e a c h  a
O
u n ifo rm  l e v e l  u n t i l  2000A below  t h e  im p la n te d  s u r f a c e  ( a s  d i s c u s s e d
o
i n  s e c t i o n  4 ) .  By rem oving  2000A t h e  spec im ens  a r e  b a c k - t h in n e d  to  
a  r e g i o n  c o n t a i n i n g  a  u n ifo rm  c o n c e n t r a t i o n  o f  He and c o n s e q u e n t ly  
t h e  b u b b le  s i z e  d i s t r i b u t i o n  becomes more u n i fo r m .  As t h e  
p h o to g ra p h s  show, c l o s e r  t o  th e  f o i l  edge  th e  b u b b le  d e n s i t y  i s  
a l s o  lo w er  f o r  t h e  n o r m a l ly  p r e p a r e d  s p e c im e n s .  However t h e
r e s u l t s  do a p p e a r  t o  i n d i c a t e  t h a t  b u b b le  d e n s i t y ,  a l t h o u g h  in d e e d  
s l i g h t l y  low er  f o r  n o r m a l ly  p r e p a r e d  sp e c im e n s ,  i s  n o t  g r e a t l y  
i n f l u e n c e d  by t h e  specim en p r e p a r a t i o n  p r o c e d u r e .
The d i s t r i b u t i o n  o f  b u b b le  s i z e  i n  v a r i o u s  a r e a s  o f  t h e  f o i l  was
a l s o  examined to  g iv e  c r e d i b i l i t y  t o  th e  r e l i a b i l i t y  o f  t h e
r e s u l t s .  H is to g ram s  i n  f i g .  21 i l l u s t r a t e  t h e  d i s t r i b u t i o n s  i n  
t h r e e  d i f f e r e n t  a r e a s  on one f o i l  a n n e a le d  a t  750°C f o r  100
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h o u rs  w i th  2000A removed from th e  im p la n te d  s u r f a c e .  Comparing 
t h e s e  h i s to g r a m s  w i th  one a n o th e r  and a l s o  w i th  t h e  g e n e r a l  p l o t  
summing th e  t h e  t o t a l  700 b u b b le s ,  i t  i s  a p p a r e n t  t h a t  t h e  s i z e  
d i s t r i b u t i o n s  a r e  v e r y  s i m i l a r  a c r o s s  t h e  f o i l .  T h is  t o g e t h e r  w i th  
r e s u l t s  from th e  s c a t t e r  d a t a  g i v e s  one c o n f id e n c e  i n  t h e  a c c u r a c y  
o f  t h e  r e s u l t s .
6 .A J.o ,m ^arisj)no-f .  A m  JfeiyA tt& ^gia& La
A lth o u g h  t h e  two f e r r i t i c  s t e e l s  d i f f e r  o n ly  s l i g h t l y  i n  Cr c o n t e n t  
( F I (1 )  12.6/6 C r ;  F I (2 )  13*3% C r ) ,  t h e  more i n t e r e s t i n g  d i f f e r e n c e s  
l i e  i n  t h e  m inor  a l l o y i n g  a d d i t i o n s .  The second  F I (2 )  s t e e l  
c o n t a i n s  a l l o y i n g  a d d i t i o n s  o f  0.556 Mn, 0.46% N i ,  0.12% Mo, 0.1256 
Cu, 0.0356 V, 0.0256 S i ,  0.0156 T i  and 0 .0 1 56 Nb. W hether t h e s e  s l i g h t  
d i f f e r e n c e s  o f  c o m p o s i t io n  i n f l u e n c e  t h e  g row th  b e h a v io u r  o f  He 
b u b b le s  w i t h i n  t h e  s t e e l  m a t r ix  i s  o f  im p o r ta n c e  when c o n s i d e r i n g  
th e  v a r i o u s  f e r r i t i c  s t e e l  c o m p o s i t io n s  a s  w e l l  a s  c a s t  t o  c a s t  
v a r i a t i o n s .
However t h e  o p t i c a l  m ic ro g ra p h s  p r e s e n t e d  in  f i g .  22 show t h a t  t h e  
m i c r o s t r u c t u r e  o f  t h e  two s t e e l s  a p p e a r  v e r y  s i m i l a r .  Both  c o n t a i n  
tem pered  m a r t e n s i t e  a s  a  r e s u l t  o f  h e a t  t r e a t i n g  a t  1000°C t o  
d i s s o l v e  a l l  ^ ^ C g  c a r b i d e s ,  f o l lo w e d  by an a i r  c o o l  to  
t r a n s f o r m  th e  m a t r ix  to  m a r t e n s i t e .  H e a t in g  to  7 5 0 ° C  t e m p e rs  
t h e  m a r t e n s i t i c  s t r u c t u r e  p ro d u c in g  a  f i n a l  r a i c r o s t r u c t u r e  o f  
f e r r i t e  background  and c e m e n t i t e / c a r b i d e  g l o b u l e s .  T h is  s t r u c t u r e
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i s  f u r t h e r  r e f i n e d  upon a i r  c o o l i n g .
Bubble  d a t a  f o r  F I ( 2 )  were d e te rm in e d  from a number o f  a n n e a l in g  
c o n d i t i o n s  and compared d i r e c t l y  w i th  t h a t  o f  F I (1 )  s t e e l .  The 
modal b u b b le  s i z e ,  Me , mv and b u b b le  d e n s i t y  ( f o r  1000A) 
a r e  g iv e n  i n  t a b l e  8 . The r e s u l t s  show t h a t  w h i l e  t h e  modal b u b b le  
s i z e  r e m a in s  s i m i l a r  f o r  b o th  s t e e l s ,  t h e  b u b b le  s i z e  d i s t r i b u t i o n s  
te n d  to  be b r o a d e r  f o r  F I (2 )  s t e e l  a s  shown by t h e  h i s to g r a m s  
c o r r e s p o n d in g  to  700°C, 25 h o u r s  ( f i g .  2 3 ) .  The l o n g e r  t a i l  
c o n s e q u e n t ly  r e s u l t s  i n  l a r g e r  v a l u e s  o f  M0 ancj mv f o r  t h e  
F I ( 2 ) .  However t h e  d i f f e r e n c e s  a r e  n o t  v a s t .  B ubble  d e n s i t y  a l s o  
a p p e a r s  t o  be g e n e r a l l y  in d e p e n d e n t  o f  s l i g h t  d i f f e r e n c e s  o f  
c o m p o s i t io n .
6 0  -
F ig .  12(a) E l e c t r o n  m icr og raph o f  s m a l l  s p h e r i c a l  h e l i u m  b u b b l e s  
formed a f t e r  a n n e a l i n g  a t  700°C f o r  8 h o u r s .
5 0 n m
Fig .  12(b) Large h e l i u m  b u b b le s  d e v e l o p e d  a f t e r  200 h ours  a t  800°C 
showing w e l l  formed f a c e t s .
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Table  5
Bubble s i z e  v a r i a t i o n  i n P I s t e e l  (1) as a 
fu n c t io n  o f  time a t  700, 750 and 800°C
(Temp) 
Time (h rs )
Mode
(X)
Me
(X)
Mv
(X)
(700°C)
8 16 16 17-
25 19 19 20
70 29 32 34.5
100 27.5 31 35
200 24 36 48
(750°C)
8 26 32 34
40 32.5 39 44
70 36 50 54
100 36 58 65
200 36 49 57
(800°C)
8 49 61 68
25 65 76 79
70 65 80 84
140 84.25 100 97
200 91 1 10 117
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F i g .  15 Growth cu rv e s  f o r  h e l iu m  b u b b le s  a t  70QH50°C.  The range o f  s c a t t e r  
i s  i n d i c a t e d  by th e  e r r o r  b ar .
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F i g .  16 Micrograph showing l a r g e  b u b b l e s ,  many o f  w h ich  have  
i n t e r s e c t e d  th e  f o i l  s u r f a c e .
( A f t e r  1 hour a t  9 5 0 ° C . )
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120
F i g .  18 M i c r o g r a p h s  f r o m  a  h o t - s t a g e  a n n e a l i n g  s e q u e n c e  a t  600°C.
18(a)  13 mins 18(b)  25 mins
18(a)  53 mins 18(d)  77 mins
-  69 -
T a b le  6
Bubble d e n s i t y  as a fu n c t io n  o f  time a t  700, 
750 and 800°C (N/cm3)
(Temp) F o i l  th ic k n e s s
Time (h rs ) 1000 & 2000 X
(700°C)
8 15.2 x 1016 7.6 x 1016
25 14.6 x 1016 7 .3  x 1016
70 5 x 1016 2 .5  x 1016
100 9 .4  x 1016 4 .7  x 1016
200 5.1 x 1016 2.55 x 1016
(750°C)
8 5 .6  x 1 0 ^ 2 .8  x 1016
40 6 .6  x 1016 3 .3  x 1016
70 5 .8  x 1016 2 .9  x 1016
100 3 .3  x 1016 1.6 x 1 0 ^
200 5 .7  x 1016 2 .8  x 1016
ooO 
oo
o00
4 x 1016 2 x 1016
25 2 .8  x 1016 1.4 x 1016
70 1.9 x 1016 159 .4  x 10
140 1.8 x 1016 159.1 x 101J
200 1.0 x 1016 5 x 1015
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T a b le  7
Comparing bubble  d a ta  o f  no rm ally  p rep a red  specimen w ith  t h a t  d f  
specimens w ith  2000 R removed from th e  im plan ted  s u r f a c e
(Temp) 
Time (h rs )
F I(1 ) F3(l) w i th  2000 S removed
Mode
(1)
Me
(I )
Mv
d )
(1000 &) 
Bubble 
d e n s i ty  
(N /  cm^ )
Mode 
(&  ■
Me
( h
Mv
(2)
(1000 &) 
Bubble 
d e n s i t y  
(N/cm^)
750 36 58 65 3 .3  E 16 38.25 43 47 4.02  E l6
(100)
800 91 110 1 17 1 E 16 88 93 98 1.3 E 16
200
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TEMPERATURE ( K )= 1023 
TIME (HOURS) = 100.00
F ig .  19(b) Bubble s i z e  
d i s t r i b u t i o n  o^ 
specimen w ith  2000 X 
removed from 
im p lan ted  s u r f a c e .  
(A f te r  100 h o u rs  
a t  750°C .)
1
7 .  B0
F i g .  2 0 ( a )  Micrograph showing  f o i l  ed ge o f  n o r m a l l y  p r ep a re d  
sp e c im e n .
( A f t e r  100 h ours  a t  7 5 0 ° C . )
F i g .  2 0 (b )  Micrograph showing f o i l  edge o f  sp ec ime n  w i t h  
2000 $  removed from t h e  im p la n t e d  s u r f a c e .  
( A f t e r  100 h o urs  a t  7 5 0 ° C . )
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T a b le  8
Com parison o f  b u b b le  d a t a  o f  th e  two FI s t e e l s
(Temp) 
Time ( h r s )
F I (1 ) F I (2 )
Bubble
d e n s i t y
Bubble
d e n s i t y
Mode
£
Me
£
Mv
£
1000 £ 
N/cm^
Mode
£
Me
£
Mv
£
1000
N/cm^
600 14 16 18 2.1  x 1017 13 15 18 1.25  El 7
(8)
700 19 19 20 14.6' x 1016 19 24 27 6 .2  x 1016
(25)
750 36 58 65 3 .3  x 1016 38 .5 49 57 4.1  x 1016
(100)
800 91 1 10 117 1 .0  x 1016 91 117 125 1.23  x 1 0 16
(200)
850 70 71 76 2.1  x 1016 72 80 85 1.5  x 1016
(1)
-  77 -
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7 DISCUSSTON OF RESULTS
L -.1  Bu.bb_l.e SA aje,
Much b u b b le  g row th  t h e o r y  assum es t h a t  b u b b le s  a r e  s p h e r i c a l  b u t  i n  
many bcc  m e t a l s  t h e  b u b b le s  a d o p t  a  f a c e t e d  shape  ( 7 2 , 7 3 ) .  T h is  
r e s u l t s  from t h e  c r y s t a l  s t r u c t u r e  o f  t h e  m a t e r i a l .  I n  a  c r y s t a l  
t h e  s u r f a c e s  w i th  t h e  l o w e s t  f r e e  e n e rg y  a r e  g e n e r a l l y  t h o s e  w hich  
expose  c l o s e l y  packed  p l a n e s .  In  t h e  c a s e  o f  many bcc  m e t a l s ,  
how ever ,  t h e  s u r f a c e  e n e rg y  a s s o c i a t e d  w i th  (100 )  p l a n e s  i s  
s u b s t a n t i a l l y  low er  th a n  o t h e r  o r i e n t a t i o n s .  J u s t  a s  a  c r y s t a l  
grown from s o l u t i o n  d e v e lo p s  w i th  low in d e x  f a c e t s ,  so  may g a s  
b u b b le s  i n  bcc  m e t a l s  f a c e t  s t r o n g l y  o n to  t h e s e  p l a n e s .
T h is  deve lopm en t o f  b u b b le  shape  h a s  been  shown t o  s low  down b u b b le  
m i g r a t i o n  and s u b s e q u e n t ly  b u b b le  g row th  i n  a  number o f  bcc  m e t a l s  
s u c h  a s  Nb and i t s  a l l o y s  ( 7 2 ,7 3 )  and V ( 1 7 ) ,  s i n c e  t h e  m i g r a t i o n  
p r o c e s s  becomes l i m i t e d  by t h e  r a t e  o f  n u c l e a t i o n  o f  new l e d g e s  on 
t h e  f l a t  f a c e s  o f  t h e  b u b b le s .
In  a u s t e n i t i c  ( f e e )  s t a i n l e s s  s t e e l s ,  on t h e  o t h e r  h a n d ,  b u b b le s  
a p p e a r  s p h e r i c a l  when s m a l l ,  a l t h o u g h  on l a r g e  b u b b le s  i t  c an  be 
s e e n  t h a t  t h e y  a r e  i n  f a c t  f a c e t e d  on {111} and {100} and t h u s  h av e  
a t  l e a s t  14 s i d e s  ( 7 4 ) .  In  c o n t r a s t ,  b u b b le s  i n  t h e  f e r r i t i c  
s t e e l s  s t u d i e d  in  t h i s  p r o j e c t  a p p e a re d  c u b o id a l  w i th  o n ly  6 {100} 
f a c e t s .  As a r e s u l t  o f  t h e  s t r o n g l y  f a c e t e d  n a t u r e  o b s e rv e d  f o r
-  I B  -
t h e s e  b u b b le s ,  one would e x p e c t  t h a t  b u b b le  movement i n  t h e  
f e r r i t i c  s t e e l s  would be more r e s t r i c t e d  th a n  i n  a u s t e n i t i c  s t e e l s .  
I n d e e d ,  com paring  He b u b b le  g row th  d a t a  t a k e n  from f e e  s t a i n l e s s  
s t e e l s  w i th  t h a t  o b s e rv e d  i n  t h e  f e r r i t i c  s t e e l s  s t u d i e d  h e r e ,  i t  
i s  a p p a r e n t  t h a t  u n d e r  i d e n t i c a l  i m p l a n t a t i o n  and a n n e a l in g  
c o n d i t i o n s ,  b u b b le  g row th  r a t e s  a r e  f a s t e r  and b u b b le  s i z e s  a r e  
l a r g e r  i n  t h e  f e e  s t e e l s .  A rm strong  and Goodhew (1 3 )  have  r e p o r t e d
o
b u b b le  s i z e s  o f  90A i n  f e e  316 s t a i n l e s s  s t e e l  a f t e r  25 h o u r s  
a n n e a l in g  a t  750°C, i n  co m p ar iso n  w i th  2oX o b s e rv e d  i n  t h e  
f e r r i t i c  s t e e l s  i n v e s t i g a t e d  i n  t h i s  p r o j e c t .  T h is  l a r g e  
d i f f e r e n c e  i n  b u b b le  s i z e  may a t  l e a s t  be  p a r t i a l l y  be a t t r i b u t e d  
to  t h e  s t r o n g l y  f a c e t e d  n a t u r e  o f  t h e  b u b b le s  found  i n  t h e  bcc  
f e r r i t i c  s t e e l s .
79 -
I t  i s  c l e a r  from th e  r e s u l t s  t h a t  b o th  t h e  b u b b le  s i z e  and b u b b le
d e n s i t y  a r e  more a f f e c t e d  by t h e  a n n e a l in g  te m p e ra tu re  t h a n  by t h e
a n n e a l in g  t im e .  The grow th  c u rv e s  g iv e n  i n  f i g .  15 show t h a t  
a l t h o u g h  r a p i d  b u b b le  g row th  o c c u r s  w i t h in  one h o u r  o f  a n n e a l i n g ,  
l i t t l e  i n c r e a s e  i n  b u b b le  s i z e  i s  o b se rv e d  o v e r  l o n g e r  a n n e a l in g  
t im e s .  Hot s t a g e  work c a r r i e d  o u t  a t  600°C (7 5 )  and 800°C 
(7 6 )  to  o b s e rv e  t h e  i n i t i a l  n u c l e a t i o n  o f  b u b b le s ,  i n d i c a t e s  t h a t  
once  b u b b le s  have  been  n u c l e a t e d  th e y  grow w i t h i n  13 m in u te s  t o  a  
s i z e  s i m i l a r  t o  t h a t  o b se rv e d  a f t e r  one h o u r .  A f t e r  t h i s  t im e  t h e  
b u b b le s  m i g r a t e ,  c o a l e s c e  and grow v e r y  s lo w ly .  From t h e s e
o b s e r v a t i o n s  i t  a p p e a r s  t h a t  t h e  n u c l e a t i o n  p e r io d  may p l a y  an
im p o r ta n t  r o l e  i n  d e te r m in in g  th e  c h a r a c t e r i s t i c s  o f  t h e  b u b b le  
p o p u l a t i o n  such  a s  b u b b le  s i z e  and b u b b le  d e n s i t y .
From Greenwood’ s  model o f  homogeneous n u c l e a t i o n  ( d i s c u s s e d  in  
s e c t i o n  2 .2 )  ( 7 ) ,  we o b t a i n  t h e  f o l l o w in g  e x p r e s s io n  f o r  t h e  n u c l e i  
s p a c i n g ,  2 r ^ f 0 f  a  n u c le u s  o f  r a d i u s  r 0 :
r - ,6 = 3D r Q2 a 2 
2 G Z
w here  D = gas d i f f u s i o n  c o e f f i c i e n t
G = gas atom p r o d u c t i o n  p e r  atom s i t e / s e c  
Z = number o f  s i t e s  e x p lo r e d  p e r  jump 
a = l a t t i c e  s p a c in g
8 0  -
S in c e  t h e  b u b b le  d e n s i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  r-j3 , 
t h e  b u b b le  d e n s i t y ,  p ,  would be g iv e n  by :
P  = 1 / a  r  2  G Z
3 D
As p i s  p r o p o r t i o n a l  to  i/T/D, i t  f o l lo w s  t h a t  D i s  p r o p o r t i o n a l  to
exp (Q /2kT ),  where Q i s  t h e  a c t i v a t i o n  e n e rg y  f o r  t h e  d i f f u s i o n  
p r o c e s s .  Thus by d raw in g  an A r rh e n iu s  p l o t  o f  I n  p v s .  1/T we may
c a l c u l a t e  t h e  v a lu e  o f  t h e  a c t i v a t i o n  e n e rg y  o f  t h e  p r o c e s s .
However, a s  m en t io n ed  i n  s e c t i o n  6 , t h e  d e n s i t i e s  a r e  o n ly  a c c u r a t e
t o  w i t h i n  a  f a c t o r  o f  2. F u r th e r m o r e ,  from  th e  homogeneous
n u c l e a t i o n  t h e o r y , p i s  p r o p o r t i o n a l  to  t h e  s q u a re  r o o t  o f  t h e  h e l iu m  
i m p l a n t a t i o n  r a t e .  A lthough  t h e  i m p l a n t a t i o n  r a t e  (3  x 1 0 ^  
He/cm^ s e c )  was h e ld  a s  c o n s t a n t  a s  p o s s i b l e  f o r  a l l
i r r a d i a t i o n s ,  i t  was i n e v i t a b l e  t h a t  t h e  beam c u r r e n t  s h o u ld  
f l u c t u a t e  s l i g h t l y .  F i g .  24 shows an  A r rh e n iu s  p l o t  o f  I n  p  v s .  
1/T f o r  one h ou r  a n n e a le d  sp e c im en s  f o r  t h e  t e m p e r a tu r e  r a n g e  600 -  
850°C. Because  o f  t h e  l a r g e  e r r o r  b a r s  i n d i c a t e d  on t h e  p l o t ,  
i t  i s  d i f f i c u l t  t o  draw  any  d e f i n i t e  c o n c l u s i o n s .  However, t h e
p o i n t s  do a p p e a r  t o  l i e  on a  s i n g l e  l i n e  i n d i c a t i n g  t h a t  b u b b le  
d e n s i t y  i s  c o n t r o l l e d  by a  s i n g l e  d i f f u s i o n  p r o c e s s  o p e r a t i n g  o v e r  
t h e  whole  t e m p e r a tu r e  r e g im e .  The a c t i v a t i o n  e n e rg y  f o r  t h e
p r o c e s s  i s  c a l c u l a t e d  from th e  s lo p e  o f  l i n e  t o  be  ~1 .6eV , w h ich  i s  
low er  t h a n  t h a t  f o r  s u r f a c e  d i f f u s i o n  (2 .36eV )  (7 7 )  o r  volum e
d i f f u s i o n  (2 .48eV ) ( 7 8 ) .
In  o r d e r  t o  deduce t h e  n a t u r e  o f  t h e  m o b i le  s p e c i e s  in v o lv e d  i n  
t h i s  n u c l e a t i o n  s t a g e ,  we m ust c o n s i d e r  t h e  m i g r a t i o n  e n e r g i e s  o f
81
v a r io u s  p r o c e s s e s  w hich m igh t be o p e r a t i n g ,  s i n c e  t h e  a c t i v a t i o n  
e n e rg y  we a r e  m e a su r in g  a c t u a l l y  c o r r e s p o n d s  t o  t h e  m i g r a t i o n  
e n e rg y  o f  t h e  s p e c i e s .  G e n e r a l ly ,  t h e  He i n t e r s t i t i a l  m i g r a t i o n  
e n e rg y  f o r  bcc  m e t a l s  i s  e s t i m a t e d  to  be i n  t h e  r e g i o n  o f  0 .2eV 
( 3 9 ) i w hich  d i s c o u n t s  t h e  p o s s i b i l i t y  o f  m ig r a t i n g  u n t r a p p e d  He a s  
b e in g  th e  m o b i le  s p e c i e s .  L ik e w ise  t h e  m i g r a t i o n  o f  v a c a n c i e s  
a lo n e  i s  t o o  low (1 .29eV ) (79 )  t o  be l i k e l y .  W ilson  and B is s o n  
(8 0 )  how ever, p r e s e n t  a  s p e c u l a t i v e  model f o r  combined He and 
vacan cy  m i g r a t i o n .  Assuming He s i t s  i n t e r s t i t i a l l y ,  t h e  e f f e c t i v e  
v a c an c y  m i g r a t i o n  e n e rg y  was c a l c u l a t e d  a s  a  W atom was moved to  
t h e  o r i g i n a l  v a c an c y  so  l e a v i n g  th e  He atom to  f a l l  i n t o  t h e  
v a c an c y  l e f t  b e h in d .  Under t h e s e  c o n d i t i o n s ,  i t  was found  t h a t  t h e  
v a c an c y  m i g r a t i o n  e n e rg y  was 1 .4 leV .
F a s te n a u  and C a s p e r s 1 a n a l y s i s  (8 1 )  o f  s m a l l  vac /H e c l u s t e r s  i n  Mo 
show t h a t  v a c an c y  c l u s t e r s  c o n t a i n i n g  one He atom p e r  v a c a n c y  a r e  
im m obile  b u t  t h a t  t h e  r e d u c t i o n  o f  He c o n t e n t  i n c r e a s e s  t h e  c l u s t e r  
m o b i l i t y .  The m i g r a t i o n  e n e r g i e s  f o r  HeV2 and He2 V2  
a r e  g iv e n  a s  1 .5 e v .  In  a n o th e r  p a p e r ,  C a sp e rs  e t  a l  s t u d y  vac /H e  
c l u s t e r s  i n  W and a g a in  p r e s e n t  v a l u e s  f o r  t h e  m i g r a t i o n  o f  
HeV2 a s  1.6eV and f o r  HeV3 , He2V3 a t  1.4eV. But 
f o r  v a c a n c i e s  c o n t a i n i n g  one o r  more He, t h e  m i g r a t i o n  e n e rg y  was > 
5eV ( 8 2 ) .  The m i g r a t i o n  o f  He by a d e t r a p p in g  mechanism i s  a l s o  
rev ie w e d  by Reed ( 3 9 ) .  The He g a s  jumps from a s u b s t i t u t i o n a l  to  
an  i n t e r s t i t i a l  p o s i t i o n  i n  w hich  i t  i s  f r e e  t o  d i f f u s e  u n t i l  
e n c o u n te r in g  a n o th e r  v a c a n c y .  T y p ic a l  v a l u e s  o f  t h e  t h e r m a l  
d e t r a p p in g  e n e rg y  were found to  l i e  be tw een  th e  a c t i v a t i o n  e n e rg y  
f o r  v a c an c y  m o tio n  and th e  s e l f - d i f f u s i o n  e n e rg y .
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A lth o u g h  none o f  t h e  above d a t a  r e l a t e s  d i r e c t l y  t o  a  f e r r i t i c  
s t e e l ,  l i t t l e  i n f o r m a t io n  i s  a v a i l a b l e  f o r  bcc  i r o n  and we m ust 
assum e t h a t  s i m i l a r i t i e s  w i l l  e x i s t  i n  t h e  b e h a v io u r  o f  He w i t h i n  
t h e  g e n e r a l  g roup  o f  bcc  m e t a l s .  Thus we may h y p o th e s i z e  t h a t  t h e  
m o b i le  s p e c i e s  may be e i t h e r  a  s m a l l  Hen /Vm c l u s t e r  su ch  
t h a t  n < m ( e g .  a  d i - v a c a n c y  c o n t a i n i n g  one He a to m ) ;  combined He 
and v a c an c y  m i g r a t i o n  ; o r  t h e  m i g r a t i o n  o f  He by a  d e t r a p p i n g  
m echanism .
S in c e  no b u b b le s  a r e  o b s e rv e d  i n  t h e  a s - i m p l a n te d  f o i l s ,  t h i s  
s u g g e s t s  t h a t  room t e m p e r a tu r e  i m p l a n t a t i o n s  o f  He p ro d u c e  a 
s u b m ic ro s c o p ic  d i s p e r s i o n  o f  He t r a p p e d  a t  v a c a n c i e s  o r  
d i - v a c a n c i e s .  Upon a n n e a l in g ,  He m ust become m o b i le  e i t h e r  by  t h e  
m i g r a t i o n  o f  s m a l l  H e/vac c l u s t e r s  o r  by d e t r a p p in g  fo l lo w e d  by 
i n t e r s t i t i a l  d i f f u s i o n .  A f t e r  a  number o f  c o a l e s c e n c e s  o r  a f t e r  
c o l l e c t i n g  more d i f f u s i n g  He, t h e s e  com plexes  become r e s o l v a b l e  
b u b b le s  , t h e  d e n s i t y  o f  w hich i s  c o n t r o l l e d  by t h e  m o b i l i t y  and 
l i f e t i m e s  o f  t h e  m i g r a t i n g  s p e c i e s .
A lthough  i t  i s  unknown w hich  m o b i le  s p e c i e s  i s  d o m in a n t ,  t h e  r a p i d  
n u c l e a t i o n  and g row th  o f  b u b b le s  o b s e rv e d  i n  F I  s t e e l  a t  600°C 
and 800°C s u g g e s t s  t h a t  v a c an c y  d i f f u s i o n  i s  p l a y i n g  a g r e a t e r  
r o l e  i n  b u b b le  n u c l e a t i o n  th a n  i s  i n t e r s t i t i a l  He d i f f u s i o n .  Work 
by B arnes  e t  a l  (8 3 )  on Cu showed t h a t  He b u b b le s  f i r s t  form ed i n  
t h e  zone n e a r e s t  t h e  m ost a c c e s s i b l e  v a c an c y  s o u r c e s  ( g r a i n  
b o u n d a r i e s )  and o n ly  a f t e r  l o n g e r  a n n e a l in g  t im e s  formed a c r o s s  t h e  
e n t i r e  band o f  He. S in c e  t h e  c e n t r a l  a r e a s  o f  t h e  band c o n t a i n e d  
th e  m ost He, t h e y  s u g g e s t  t h a t  i t  i s  n o t  t h e  m o b i l i t y  o f  He b u t  
r a t h e r  vacan cy  d i f f u s i o n  w hich  in d u c e s  n u c l e a t i o n .  Our r e s u l t s
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a p p e a r  t o  c o n f i rm  t h i s .
T r in k h a u s ,  how ever, h a s  p r e d i c t e d  two s e p a r a t e  m odels  f o r  b u b b le  
n u c l e a t i o n .  ( 8 4 ) .  He shows t h a t  n u c l e a t i o n  i s  l i k e l y  t o  i n v o lv e  a 
complex b a la n c e  be tw een  t h e  r a t e  o f  c r e a t i o n  and s t a b i l i t y  o f  
d i f f e r e n t  He/vac c l u s t e r s .  He d i f f e r e n t i a t e s  be tw een  d i - a t o m i c  
n u c l e a t i o n  i e .  two He a tom s c o n s t i t u t i n g  a  s t a b l e  n u c l e u s ;  and 
m u l t i - a to m ic  n u c l e a t i o n  w here o n ly  h ig h  o r d e r  c l u s t e r s  a r e  s t a b l e .  
A cco rd ing  to  T r in k h a u s ,  d i - a t o m i c  homogeneous n u c l e a t i o n  o c c u r s  a t  
low i r r a d i a t i o n  t e m p e r a t u r e s  (500 < T < 850K) and h ig h  d o se  r a t e s .  
Even s m a l l  He /v a c  c l u s t e r s  a r e  s t a b l e  and can  grow. T r in k h a u s '  
a n a l y s i s  s u g g e s t s  t h a t  t h e  n u c l e a t i o n  o f  b u b b le s  s h o u ld  c o n t i n u e  
d u r in g  b u b b le  g row th  and so t h e  b u b b le  d e n s i t y  s h o u ld  i n c r e a s e  w i th  
t im e .  At h ig h  i r r a d i a t i o n  t e m p e r a t u r e s  (T > 1000K) and low do se  
r a t e s ,  on t h e  o t h e r  hand , He p r e c i p i t a t i o n  i s  c o n t r o l l e d  by  a 
therm odynam ic b a r r i e r  w hich  d ep en d s  upon t h e  He c o n c e n t r a t i o n  and 
th e  n u c l e a t i o n  s i t e s .  Sm all  H e/vac  c l u s t e r s  a r e  u n s t a b l e  and d e c a y  
and o n ly  l a r g e r  on es  grow. In  t h i s  c a s e ,  b u b b le  d e n s i t y  s h o u ld  
r e a c h  an  a s y m p to t i c  v a lu e  a f t e r  t im e ,  t .
Thus T r in k h a u s 1 a n a l y s i s  s u g g e s t s  t h a t  t h e  n u c l e a t i o n  o f  b u b b le s  
s h o u ld  c o n t in u e  d u r in g  b u b b le  g row th  i f  a  d i - h e l i u m  i s  t h e  s t a b l e  
n u c l e u s .  However, from  th e  h o t  s t a g e  e x p e r i m e n t s ,  we do n o t  
o b s e r v e  any  i n c r e a s e  i n  b u b b le  d e n s i t y  w i th  a n n e a l in g  t im e .  But i t  
i s  i m p o r ta n t  t o  remember t h a t  we a r e  i r r a d i a t i n g  a t  room 
t e m p e r a t u r e ,  w hich  i s  low er  th a n  t h e  m i g r a t i o n  t e m p e r a t u r e  o f  
m onovacanc ies  (500K ), w hich  means t h a t  t h e  c o n d i t i o n s  s e t  by  
T r in k h a u s  do n o t  a p p ly  i n  o u r  c a s e .
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T h e r e f o r e ,  a l t h o u g h  we do n o t  know t h e  p r e c i s e  number o f  He atom s 
c o n s t i t u t i n g  a  s t a b l e  n u c l e u s ,  we c an  sa y  t h a t  t h e  d i f f u s i o n  o f  a 
vacancy  l i k e  He/vac c l u s t e r  a p p e a r s  t o  be n e c e s s a r y  f o r  b u b b le  
n u c l e a t i o n  t o  o c c u r .
1 -.3  .Qnowtji. o f  .He .B ubbles
B e fo re  i n t e r p r e t i n g  any b u b b le  d a t a  i t  i s  n e c e s s a r y  t o  e n s u r e  t h e  
v a l i d i t y  o f  t h e  r e s u l t s  f o r  e a c h  a n n e a l in g  c o n d i t i o n .  S in c e  m ost 
o f  t h e  d a t a  have  r e s u l t e d  from spec im ens  w hich  w ere  b a c k - t h in n e d
O
w i th o u t  rem oving  2000A o f  'dead*  m a t e r i a l  from th e  im p la n te d  
s u r f a c e ,  t h e  m easu rem en ts  were t a k e n  from a  n o n -u n ifo rm  He 
c o n c e n t r a t i o n  ( s e e  f i g .  6 ) .  R e s u l t s  from t h e s e  r e g i o n s  h a v e  been  
compared w i th  t h o s e  from r e g i o n s  o f  u n ifo rm  He c o n c e n t r a t i o n  by
o
f i r s t  rem oving  2000A from  th e  im p la n te d  s u r f a c e .  R e s u l t s  showed 
t h a t  a l t h o u g h  t h e  b u b b le  s i z e  d i s t r i b u t i o n  na rrow s  i f  t h e  2000A 
fd e a d ! l a y e r  i s  rem oved, a f f e c t i n g  th e  v a l u e s  o f  M0 ( t h e  
a v e ra g e  cube d im e n s io n )  and My ( t h e  cube r o o t  o f  t h e  mean 
b u b b le  v o lu m e ) ,  t h e  modal b u b b le  s i z e  r e m a in s  u n a f f e c t e d .  S in c e  
t h e  modal b u b b le  s i z e  i s  t h e  im p o r ta n t  p a ra m e te r  i f  c o n s i d e r i n g  
m i g r a t i o n  and c o a le s e n c e  a s  t h e  m a jo r  b u b b le  g row th  mechanism ( 6 0 ) ,  
r e s u l t s  from th e  n o r m a l ly  p r e p a r e d  sp ec im en s  may be c o n s id e r e d  
v a l i d .  F u r th e rm o re ,  s i z e  d i s t r i b u t i o n s  a c r o s s  t h e  sp e c im en s  a p p e a r  
t o  be s i m i l a r ,  and t h e r e f o r e  t h e  s e l e c t e d  a r e a s  p h o to g ra p h e d  from 
each  specim en may be c o n s id e r e d  r e p r e s e n t a t i v e  o f  t h e  w hole  
s p e c im e n .
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To d e te r m in e  th e  mechanisms o f  b u b b le  grow th  o p e r a t i n g  i n  t h e  
f e r r i t i c  m a t e r i a l  a c r o s s  t h e  t e m p e ra tu re  reg im e  700 -  800 C, one 
m ust c o n s i d e r  d a t a  from a w id e r  r a n g e  o f  t e m p e r a t u r e s .  W ith in  t h i s  
f i e l d ,  work h a s  a l s o  been  done a t  t e m p e r a t u r e s  600°C, 650°C 
and 850°C and so t h e  main c h a p t e r  o f  t h e  e n s u in g  d i s c u s s i o n  
w i l l  a l s o  t a k e  i n t o  a c c o u n t  r e s u l t s  o b t a in e d  by o t h e r  c o l l e a g u e s * .  
A c o m p reh en s iv e  p l o t  o f  t h e  g row th  c u rv e s  a t  a l l  t e m p e r a t u r e s  i s  
g iv e n  i n  f i g .  25.
.BuMIe .Qr.o.vfeh
I n t e r p r e t i n g  th e  g row th  c u rv e s  shown i n  f i g .  25 i n v o l v e s  
com paring  th e  s l o p e s  o f  t h e  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  
s lo p e  w i th  t h e  s l o p e s  e x p e c te d  from v a r i o u s  r a t e - c o n t r o l l i n g  
mechanisms a s  d i s c u s s e d  i n  t h e  p r e v io u s  c h a p t e r .  But e v en  i f  
s l o p e s  o f  d e f i n i t e  g r a d i e n t s  can  be a c c u r a t e l y  i d e n t i f i e d  from 
t h e  g row th  p l o t s ,  t h e r e  s t i l l  r e m a in s  t h e  u n r e s o lv e d  p rob lem  o f  
w h e th e r  t h e  b u b b le s  a r e  o v e r p r e s s u r i z e d  a f t e r  c o a l e s c e n c e  o r  
have  re a c h e d  e q u i l i b r i u m  by v a c an c y  a c q u i s i t i o n .  S in c e  t h e  
th e r m a l  v a c an c y  c o n c e n t r a t i o n  w i l l  v a r y  s u b s t a n t i a l l y  a c r o s s  t h e  
t e m p e r a tu r e  r a n g e  600 -  850°C ( 0 .4 9  -  0 .6 3  Tm) t i t  i s
e x p e c te d  t h a t  a l t h o u g h  v a c an c y  u p ta k e  w i l l  be low a t  600°C, 
i t  w i l l  be s i g n i f c a n t  a t  800°C and 850°C. Thus a t  t h e  
low er  t e m p e r a t u r e s  v a c an c y  a c q u i s i t i o n  may n o t  a f f e c t  b u b b le  
g row th  and th e  b u b b le  may rem a in  o v e r p r e s s u r i z e d ,  w h e re a s  a t  t h e  
h i g h e r  t e m p e r a tu r e s  b u b b le s  may r e a c h  t h e i r  e q u i l i b r i u m  s i z e
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v e ry  r a p i d l y .  I t  i s  w i th  t h e s e  p o i n t s  i n  mind t h a t  t h e  r e s u l t s  
a r e  d i s c u s s e d .
l._a-.2.J0nowtii -Curves
D e s p i t e  d a t a  s c a t t e r ,  t h e  m ost l i k e l y  l i n e s  f o r  t h e  g row th  
c u rv e s  o f  700 and 750°C a r e  s l o p e s  w i th  an  i n i t i a l  g r a d i e n t  
be tw een  1/6 and 1 /5  b u t  d e c r e a s in g  to  a  p l a t e a u  a f t e r  70 h o u r s .  
The modal b u b b le  s i z e  d o e s  n o t  a p p e a r  t o  i n c r e a s e  much a f t e r  8 
h o u rs  and d a t a  s u g g e s t s  t h a t  t h i s  i s  a l s o  t h e  c a s e  a f t e r  o n ly  
one h o u r  o f  a n n e a l i n g .  The g row th  c u rv e s  f o r  600 and 650°C 
a r e  a l s o  s lo p e s  o f  d e c r e a s in g  g r a d i e n t  b u t  t h e  b u b b le s  h a r d l y  
a p p e a r  t o  grow a f t e r  one h o u r .  As d i s c u s s e d  p r e v i o u s l y ,  s l o p e s  
o f  1/5 and 1 /6  r e l a t e  t o  b u b b le  g row th  by m i g r a t i o n  and 
c o a le s c e n c e  l i m i t e d  by s u r f a c e  d i f f u s i o n ,  v a p o u r  t r a n s p o r t  o r  
volume d i f f u s i o n ,  d ep e n d in g  on w h e th e r  c o n s t a n t  g a s  p r e s s u r e  o r  
e q u i l i b r i u m  b u b b le s  a r e  assum ed . ( C e r t a i n l y  O stw ald  r i p e n i n g  
may be r u l e d  o u t  a s  a  p o s s i b l e  mechanism f o r  b u b b le  g ro w th  a s  
t h i s  would demand a  s lo p e  o f  1 / 2 ) .  The A r rh e n iu s  p l o t  shown i n  
f i g .  17 i s  a b l e  t o  p i n p o i n t  more a c c u r a t e l y  t h e  m i g r a t i o n  
mechanism o p e r a t i n g  w i t h i n  t h i s  t e m p e r a tu r e  r e g im e .  The v a l u e s  
o f  n = 5 and n = 6 ( s l o p e s  o f  1/5 and 1 /6  r e s p e c t i v e l y )  g iv e  t h e  
b e s t  s t r a i g h t  l i n e  f i t s  t o  t h e  p o i n t s  f o r  t e m p e r a t u r e s  up t o  
750°C. At t h e s e  t e m p e r a t u r e s  t h e  a c t i v a t i o n  e n e rg y  (Q) was 
c a l c u l a t e d  to  be  2.24eV u s in g  n = 5 and 2 .5eV  u s in g  n = 6 .
These v a lu e s  c o r r e l a t e  w e l l  w i th  t h e  v a lu e s  o f  2 .3 6  -  2 .65eV  
r e p o r t e d  f o r  s u r f a c e  d i f f u s i o n  ( 7 7 , 8 5 ) .  C e r t a i n l y  m i g r a t i o n  o f
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b u b b le s  by s u r f a c e  d i f f u s i o n  h a s  been  r e p o r t e d  w id e ly  i n  f e e  
m a t e r i a l s  such  a s  c o p p e r ,  g o l d ,  a lum inium  ( 5 5 ,8 6 ,8 7 )  and -  to  a 
more l i m i t e d  e x t e n t  -  i n  bcc  m e t a l s  e g .  V and Nb ( 7 2 , 8 8 , 8 9 ) ,  so 
i t  i s  n o t  s u r p r i s i n g  t h a t  b u b b le s  i n  f e r r i t i c  s t e e l s  a l s o  a p p e a r  
t o  m ig r a te  by t h i s  m echanism . That b u b b le s  do m ig r a t e  by 
s u r f a c e  d i f f u s i o n  a t  lo w er  t e m p e r a t u r e s  i s  f u r t h e r  s u b s t a n t i a t e d  
by more q u a n t i t a t i v e  d a t a  o b t a i n e d  from th e  600°C i n - s i t u  
a n n e a l  and r e p o r t e d  by B radsky  and Goodhew ( 7 5 ) .  They o b t a i n  an 
e x p e r im e n ta l  v a lu e  f o r  t h e  c o e f f i c i e n t  o f  s u r f a c e  d i f f u s i o n ^  
Ds j  o f  5 .2  x 10” ^8 m2 / s e c  compared w i th  t h e  low er  
l i m i t  o f  r e p o r t e d  v a lu e s  o f  Dg w hich  l i e s  a t  7 . 3  x 1CT18 
m2 / s e c  ( 9 0 ) .  The low a p p a r e n t  s u r f a c e  d i f f u s i o n  c o e f f i c i e n t  
may be a t t r i b u t e d  to  a  number o f  r e a s o n s  su c h  a s  : t h e  l a c k  o f
c l e a n l i n e s s  on b u b b le  s u r f a c e s  w hich  may p e rh a p s  be  due t o  
c o n ta m in a t io n  r e s u l t i n g  from t h e  k n o c k - in  o f  c a rb o n  o r  oxygen 
(9 1 )  ; t h e  p o s s i b i l i t y  o f  s e g r e g a t i o n  o f  e le m e n ts  t o  b u b b le  
s u r f a c e s  -  i n  p a r t i c u l a r  t h a t  o f  Cr ; o r  t h a t  a  1 c o r r e l a t e d  
jum p' e f f e c t ,  a s  s u g g e s te d  by Greenwood (9 2 )  s low s t h e  e f f e c t i v e  
r a t e  o f  s u r f a c e  d i f f u s i o n .
That t h e  c u rv e s  te n d  to  f l a t t e n  o u t  t o  a  t e r m i n a l  b u b b le  s i z e  i s  
i n d i c a t i v e  o f  t h e  k i n e t i c s  l i m i t i n g  th e  b u b b le  m o b i l i t y  c h a n g in g  
a t  some p o i n t  t o  f a c e t  n u c l e a t i o n  i e .  t h e  r a t e  l i m i t i n g  p r o c e s s  
becomes t h e  n u c l e a t i o n  o f  monatomic s t e p s  on t h e  b u b b le  f a c e s .  
Curves  o f  t h i s  ty p e  have  been  r e p o r t e d  i n  s e v e r a l  bcc  m e t a l s  
( 17 , 60 , 72 ) .
The g row th  c u rv e s  a t  800°C and 850°C l i k e w i s e  have  
s l o p e s  a p p ro x im a t in g  to  be tw een  1/5 and 1 /6 .  However, i n
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c o n t r a s t  w i th  grow th  c u rv e s  a t  low er  t e m p e r a t u r e s ,  t h e  s l o p e s  do 
n o t  a p p e a r  t o  d e c r e a s e  o r  r e a c h  a p l a t e a u  a f t e r  lo n g  a n n e a l s .
T hat t h e  s lo p e s  o f  t h e  g row th  c u rv e s  l i e  b e tw een  1/5 and 1 /6  
a g a in  s u p p o r t s  g row th  by m i g r a t i o n  and c o a l e s c e n c e  l i m i t e d  by 
s u r f a c e  d i f f u s i o n .  However, t h e  A r rh e n iu s  p l o t  shows t h a t  a t  
800°C and 850°C, t h e  v a l u e s  o f  I n  ( r 11 /T )  f o r  n = 5 
and n = 6 do n o t  f a l l  on t h e  l i n e  drawn f o r  t h e  low er
t e m p e r a t u r e s .  T h is  i m p l i e s  t h a t  a second  mode o f  b u b b le  g row th  
i s  o c c u r r in g  a t  t h e s e  t e m p e r a t u r e s .  Upon c o n s i d e r i n g  t h a t  above  
0 .6 T m th e  e q u i l i b r i u m  th e rm a l  v a c an c y  c o n c e n t r a t i o n  would be 
s i g n i f i c a n t ,  one m igh t  e x p e c t  t h a t  g row th  by v a c a n c y  a c q u i s i t i o n  
would be t h e  dom inan t  g row th  m echanism . T h is  c o n c l u s i o n  i s  
f u r t h e r  s u p p o r te d  by t h e o r e t i c a l  c a l c u l a t i o n s  w hich  p r e d i c t  t h e  
modes o f  b u b b le  g row th  i n  a  p a r t i c u l a r  sy s tem  a c c o r d in g  t o  
t e m p e ra tu re  and b u b b le  s i z e  ( 4 7 ) .  However, work done u s in g  th e  
h o t  s t a g e  h a s  shown t h a t  m i g r a t i o n  and c o a l e s c e n c e  i s  s t i l l  
o c c u r r in g  a t  800°C ( 7 6 ) .  Thus, a l t h o u g h  v a c a n c y  c o l l e c t i o n  
s h o u ld  i n  p r i n c i p l e  be t h e  dom inan t  mechanism o f  o f  b u b b le  
g ro w th ,  i t  c a n n o t  be t h e  o n ly  e f f e c t .
A lthough  t h e  b u b b le s  a r e  s t r o n g l y  f a c e t e d  a t  800°C and 
850°C th e  g row th  c u rv e s  do n o t  r e a c h  a  p l a t e a u .  T h is  
i m p l i e s  t h a t  l e d g e  n u c l e a t i o n  i s  s t i l l  l i k e l y  t o  be t h e  l i m i t i n g  
g row th  mechanism bu t  t h e  a d d i t i o n a l  grow th  by v a c a n c y  u p ta k e  
s t o p s  t h e  b u b b le  r e a c h in g  a  t e r m i n a l  s i z e  a f t e r  200 h o u r s ,  
a l t h o u g h  t h e  s l o p e s  may in d e e d  f l a t t e n  o u t  o u t  a t  l o n g e r  
a n n e a l in g  t im e s .
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The c o n c lu s io n  t h a t  m i g r a t i o n  and c o a le s c e n c e  i s  o c c u r r i n g  a t  
a l l  t e m p e r a tu r e s  from 600 -  850°C i s  a l s o  s u p p o r te d  by t h e  
deve lopm en t o f  h i s to g r a m s  w i th  i n c r e a s i n g  a n n e a l in g  t i m e s .  As 
t h e  t im e  a t  t e m p e r a tu r e  i n c r e a s e s  t h e r e  i s  a  g r a d u a l  e x t e n s i o n  
o f  t h e  h i s to g r a m  t a i l  t o  b u b b le s  o f  l a r g e r  d im e n s io n s ,  
i n d i c a t i n g  th e  g row th  o f  b u b b le s  by c o a l e s c e n c e .  L ik e w ise  t h e  
d e c r e a s e  i n  b u b b le  d e n s i t y  w i th  a n n e a l in g  t im e ,  a s  may be s e e n  
i n  t a b l e  6 , s u g g e s t s  e i t h e r  m i g r a t i o n  and c o a le s c e n c e  o r  O stw ald  
r i p e n i n g .  The l a t t e r  mode o f  b u b b le  g ro w th ,  how ever ,  may be 
d i s c o u n te d  b e c a u se  t h e  g row th  c u r v e s  do n o t  a p p ro a c h  a s lo p e  o f  
1/ 2 .
JubAlAilr-pj^jLbx,V.acAncy, JSoJAiiotAan
B u bb les  w i l l  grow by v a c an c y  c o l l e c t i o n  i f  t h e r e  i s  an  e x c e s s  
p r e s s u r e  i n  t h e  b u b b le s  and an a d e q u a te  c o n c e n t r a t i o n  o f  
v a c a n c i e s .  Growth by v a c an c y  u p ta k e  h a s  been  c o n s id e r e d  by 
Greenwood e t  a l  ( 7 ) ,  W estm aco tt  e t  a l  (4 8 )  and V o l in  and B a l l u f i  
( 4 9 ) .  Of t h e s e ,  Greenwood d e r i v e d  an e x p r e s s i o n  f o r  t h e  g ro w th  
o f  b u b b le s  b u t  assumed t h a t  t h e  b u b b le s  were sp a ce d  a t  l e a s t  0 .5  
|L|ta a p a r t  w hich  i s  n o t  t h e  c a s e  i n  o u r  i n v e s t i g a t i o n s .  T h e r e f o r e  
t h e  more a c c u r a t e  e x p r e s s i o n s  f o r  v o id  s h r in k a g e  by W estm aco tt  
and V o l in  and B a l u f f i  may be used  to  d e te r m in e  t h e  g ro w th  o f  
b u b b le s  by  v a c an c y  c o l l e c t i o n .
The e x p r e s s i o n ,  m o d if ie d  f o r  c u b ic  b u b b le s  by r e p l a c i n g  f r f w i th
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’a /2 *  where ’ a ’ i s  t h e  c u b ic  edge l e n g t h ,  i s  a s  f o l lo w s
d a / d t  = D /a  (expOn>/kT ~ D
where a = b u b b le  cube s i d e
D = s e l f  d i f f u s i o n  c o e f f i c i e n t  
p = p r e s s u r e  i n  t h e  b u b b le  
a to m ic  volume 
Y  = s u r f a c e  e n e rg y  
p -4 Y /a  = e x c e s s  p r e s s u r e
By u s in g  t h i s  e x p r e s s i o n ,  one can  c a l c u l a t e  t h e  i n s t a n t a n e o u s  
g row th  r a t e  f o r  a  b u b b le  o f  s p e c i f i e d  s i z e .  However, t h e  
f a c t o r s  w i t h i n  t h e  e x p r e s s i o n  m ust f i r s t  be  p r e d e te r m in e d  : t h e
o v e r p r e s s u r e  i s  n o t  known and i s  t h e r e f o r e  assumed t o  be  a 
f a c t o r  o f  2 ; a  number o f  v a l u e s  f o r  t h e  a c t i v a t i o n  e n e rg y  f o r  
s e l f  d i f f u s i o n  have  been  r e p o r t e d ,  r a n g in g  from 2 .48eV  (7 8 )  t o
3 .2eV  ( 9 3 ) .  The f o l lo w in g  t a b l e  9 l i s t s  t h e  c a l c u l a t e d  b u b b le  
g row th  r a t e s  u s in g  a w id e ly  a c c e p te d  a c t i v a t i o n  e n e rg y  o f  2 .6eV
(94 )  and a l s o  an  im p ro b a b ly  h ig h  a c t i v a t i o n  e n e rg y  o f  3 .6eV .
From t h e  c a l c u l a t i o n s  we f i n d  t h a t  t h e  g row th  r a t e  s h o u ld  be 
e x c e e d in g ly  r a p i d  : At 850°C, w i t h  Q = 2 .6eV , a  60A b u b b le
sh o u ld  grow a t  a  r a t e  o f  2 3 21A /sec .  Even w i th  Q = 3 .6eV , f o r
t h e  same s i z e d  b u b b le ,  t h e  g row th  r a t e  i s  0 .0 7 5 & /se c  ( a f t e r  one
O
h o u r  t h e  b u b b le  s h o u ld  be 270A). From e x p e r im e n ta l  d a t a ,  t h e  
i n i t i a l  and f a s t e s t  g row th  r a t e  o b se rv e d  a t  850°C i s
o ©
0 .0 1 9 A /se c  f o r  70A b u b b l e s .  Thus g row th  by v a c a n c y  a c q u i s i t i o n
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i s  b e in g  l i m i t e d .
As p r e v i o u s l y  m e n t io n e d ,  b u b b le s  may o n ly  grow by t h i s  m echanism 
i f  an  o v e r p r e s s u r e  e x i s t s  i n  t h e  b u b b l e s .  We m igh t  t h e n  a rg u e  
t h a t  t h e  b u b b le s  have  a l r e a d y  r e a c h e d  t h e i r  e q u i l i b r i u m  s i z e  
w i t h in  one h o u r ,  and so t h e r e  i s  no l o n g e r  any  d r i v i n g  f o r c e  f o r  
t h e  b u b b le s  t o  grow t h i s  way. In  o r d e r  t o  c a l c u l a t e  w h e th e r  t h e  
b u b b le s  a r e  o v e r p r e s s u r i z e d ,  Van d e r  Waal*s e q u a t i o n  may be used  
to  e s t i m a t e  t h e  e q u i l i b r i u m  b u b b le  s i z e s  a p p e r t a i n i n g  to  e a c h  
a n n e a l in g  c o n d i t i o n .  However an  e s t i m a t e  m ust f i r s t  be  made o f  
t h e  amount o f  im p la n te d  gas  r e t a i n e d  i n  t h e  f o i l .  Some g a s  may 
be r e l e a s e d  d u r in g  i m p l a n t a t i o n  and c e r t a i n l y  d u r in g  s u b s e q u e n t  
a n n e a l i n g s .  Work on g as  r e l e a s e  i n  n i c k e l  a t  h ig h  t e m p e r a t u r e s  
h a s  shown t h a t  more t h a n  90^ o f  im p la n te d  g as  may be r e t a i n e d
(9 5 )  b u t  i f  we t a k e  a v e r y  c o n s e r v a t i v e  e s t i m a t e  o f  50%, t h i s  
w i l l  s e t  a  low er  l i m i t  o f  t h e  e q u i l i b r i u m  s i z e .
Using Van d e r  W a a l 's  e q u a t i o n  :
p (v  -  nb) = nkT
w here  n = n o .  g a s  a tom s p e r  b u b b le
p = e q u i l i b r i u m  p r e s s u r e  i n  b u b b le  i e .  4 ^  a 
v = a^
; 3
b = 4 .4 8  x 10"29 m /m ol
and knowing th e  b u b b le  d e n s i t y  a t  e a ch  c o n d i t i o n  we c an  o b t a i n  
a p p ro x im a te  v a lu e s  f o r  e q u i l i b r i u m  b u b b le  s i z e s .  R e s u l t s  show 
t h a t  i f  50% o f  gas  i s  r e t a i n e d  i n  t h e  f o i l ,  a f t e r  one h o u r  a t
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850°C, t h e  e q u i l i b r i u m  b u b b le  s i z e  s h o u ld  be ~150A i e .
t w ic e  a s  b i g  as  t h e  a v e ra g e  b u b b le  s i z e  o b s e rv e d  e x p e r i m e n t a l l y .  
S i m i l a r l y  a f t e r  100 h o u r s ,  t h e  b u b b le s  a r e  s t i l l  o v e r p r e s s u r i z e d  
( e q u i l i b r i u m  b u b b le  s i z e  ~170&; o b s e rv e d  b u b b le  s i z e  135A). At 
600°C, t h e  e q u i l i b r i u m  b u b b le  s i z e  sh o u ld  be 56A a f t e r  8 
h o u r s  (Mv = 1 8 A) and 92A a f t e r  200 h o u r s  (My = 18A).
F u r th e rm o re  i t  c an  be s e e n  t h a t  f o r  a l l  s p e c im e n s ,  t h e  m odal 
s i z e  i s  much s m a l l e r  t h a n  t h e  e q u i l i b r i u m  s i z e .  Only a  v e r y
s m a l l  p r o p o r t i o n  o f  t h e  b u b b le s  a r e  a c t u a l l y  l a r g e r  t h a n  t h e
c a l c u l a t e d  b u b b le  s i z e .  A f t e r  one h o u r  a t  850°C, 0 .6 ^  o f  
b u b b le s  a r e  b i g g e r  t h a n  150A ( l e s s  t h a n  5% o f  t o t a l  b u b b le
v o lu m e ) . At a l l  low er  t e m p e r a t u r e s  t h e r e  were no b u b b le s
e x c e e d in g  th e  e q u i l i b r i u m  v a l u e .  F u r th e r m o r e ,  by  com paring  th e  
o b s e rv e d  t o t a l  b u b b le  volume w i th  t h e  c a l c u l a t e d  e q u i l i b r i u m  
b u b b le  volume we can  a s c e r t a i n  t h e  e x t e n t  o f  t h e  o v e r p r e s s u r e  a t  
e a c h  c o n d i t i o n ,  a s  shown i n  t a b l e  10.
We can  s e e  t h a t  b u b b le s  a r e  o v e r p r e s s u r i z e d  a t  a l l  t e m p e r a t u r e s  
w i th  an  i n c r e a s i n g  amount o f  o v e r p r e s s u r e  a t  lo w er  t e m p e r a t u r e s .  
In d eed  i t  i s  l i k e l y  t h a t  t h e  o v e r p r e s s u r e  f a c t o r s  a r e  even
h i g h e r  t h a n  t h o s e  g iv e n  a b o v e ,  s i n c e  u s in g  a v a lu e  o f  50/6 f o r
t h e  amount o f  g as  r e t a i n e d  i s  p r o b a b ly  a  g r o s s  u n d e r e s t i m a t e .
To ch eck  t h a t  t h e  b u b b le s  a r e  s t i l l  o v e r p r e s s u r i z e d  a t
850°C, f o i l s  were a n n e a le d  f o r  one h o u r  a t  950°C and
huge b u b b le s  were found ( s e e  f i g .  1 6 ) .  T h is  i n d i c a t e s  t h a t  a t  
950°C t h e r e  i s  s t i l l  a  l a r g e  d r i v i n g  f o r c e ,  nam ely  e x c e s s  
p r e s s u r e ,  p ro m o tin g  th e  g row th  o f  l a r g e  b u b b l e s .  Thus a l t h o u g h  
i n  p r i n c i p l e  g row th  by v a c a n c y  u p ta k e  s h o u ld  be p ro d u c in g  huge
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b u b b le s ,  g row th  i s  b e in g  r e s t r i c t e d .  S in c e  we know t h a t  b u b b le s  
a r e  o v e r p r e s s u r i z e d  a t  a l l  t e m p e r a t u r e s ,  t h i s  means t h a t  t h e  
d r i v i n g  f o r c e  f o r  g row th  by v a c an c y  c o l l e c t i o n  i s  s t i l l  a c t i v e .  
However when we c o n s i d e r  t h e  v a c an c y  c o n c e n t r a t i o n  a c t u a l l y  
r e q u i r e d  f o r  t h e  b u b b le s  t o  a t t a i n  t h e i r  e q u i l i b r i u m  s i z e ,  i t
p e rh a p s  becomes c l e a r  why t h e  a p p ro a c h  t o  e q u i l i b r i u m  i s  n o t
t a k i n g  p l a c e .  A f t e r  one h o u r  a t  850°C, t h e  c a l c u l a t e d
o
e q u i l i b r i u m  b u b b le  s i z e  i s  150A. S in c e  t h e  o b s e rv e d  b u b b le s
s i z e  i s  l o R ,  L u k l in s k a  e t  a l  (7 6 )  have  c a l c u l a t e d  t h a t  a  t o t a l  
v a c an c y  c o n c e n t r a t i o n  o f  0 .0 3  would need to  be i n j e c t e d  i n  o r d e r  
t o  a c h ie v e  t h e  n e c e s s a r y  v a c an c y  volume t o  e n a b le  t h e  b u b b le s  t o  
grow t o  t h e i r  e q u i l i b r i u m  s i z e .  T h is  would r e q u i r e  s o u r c e s
p ro d u c in g  a  f r e s h  v a c an c y  c o n c e n t r a t i o n  o f  10“ ^ p e r  s e c o n d .
X A A JA O gfflgJE .S au rg .es
V a c a n c ie s  m ust be g e n e r a t e d  from s u i t a b l e  s o u r c e s  and m ust 
d i f f u s e  i n t o  a l l  r e g i o n s  o f  t h e  c r y s t a l  l a t t i c e  t o  b r i n g  th e  
c o n c e n t r a t i o n  o f  v a c a n c i e s  t o  e q u i l i b r i u m  even i n  a r e a s  rem o te  
from s o u r c e s .  G ra in  b o u n d a r i e s  c o u ld  a c t  a s  do m in an t  s o u r c e s  
f o r  v a c a n c i e s ,  due t o  t h e  s e v e r e  a to m ic  m i s f i t .  However, t h e  
TEM m ic ro g ra p h s  i n d i c a t e  q u i t e  l a r g e  g r a i n  s i z e s  and th u s  g r a i n  
b o u n d a r i e s  c a n n o t  p l a y  any  s i g n i f i c a n t  r o l e  i n  t h e  s u p p ly  o f  
v a c a n c i e s .
I t  h a s  been  s u g g e s te d  by M urray (9 6 )  t h a t  d i s l o c a t i o n s  c o u ld  a c t
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a s  vacan cy  s o u r c e s .  However, s i n c e  t h e  d i s l o c a t i o n  d e n s i t y  
w i t h i n  t h e  g r a i n s  a p p e a r s  t o  be g e n e r a l l y  low , t h i s  may a l s o  be 
r u l e d  o u t .  The o n ly  o t h e r  p o s s i b l e  s o u rc e  f o r  v a c a n c i e s  r e m a in s  
t h e  f r e e  s u r f a c e  o f  a  c r y s t a l  ( 9 7 ) .  T h is  i s  a l s o  u n l i k e l y  t o  
a c t  a s  a  p e r f e c t  s o u r c e  a s  a  s t e p  m ust f i r s t  be  n u c l e a t e d  on t h e  
s u r f a c e  i n  o r d e r  t o  c r e a t e  and i n j e c t  v a c a n c i e s ,  w hich  would 
pose  a  b a r r i e r  t o  any  s u p p ly  o f  v a c a n c i e s .
T h e r e f o r e  i t  seems l i k e l y  t h a t  b u b b le  g row th  i s  n o t  b e in g  
l i m i t e d  by t h e  d i f f u s i o n  p r o c e s s  b u t  r a t h e r  by v a c a n c y  s o u r c e  
e f f i c i e n c y  i e .  n o t  enough v a c a n c i e s  a r e  b e in g  c r e a t e d  t o  a t t a i n  
e q u i l i b r i u m  c o n d i t i o n s .  T h is  h y p o t h e s i s  i s  s u p p o r t e d  by t h e  
r e s u l t s  from th e  i n - s i t u  a n n e a l in g  p e rfo rm ed  a t  600°C. 
L arge  b u b b le s  o f  e q u i l i b r i u m  s i z e  (50& i n  d i a m e te r )  formed c l o s e  
t o  t h e  e d g e s  o f  t h e  f o i l  where t h e  u p ta k e  o f  v a c a n c i e s  i s  
p r o b a b ly  g r e a t e r  due t o  t h e  c l o s e  p r o x im i ty  o f  t h e  f r e e  
s u r f a c e s .  I n  t h e  m id d le  o f  t h e  s e c t i o n ,  how ever ,  t h e  b u b b le  
s i z e s  were r e s t r i c t e d  to  10A i n  r a d i u s  i e .  g row th  was b e in g  
l i m i t e d  by i n s u f f i c i e n t  l o c a l  v a c an c y  s o u r c e s .  The r e s u l t s  do 
a s s u r e  u s ,  how ever , t h a t  v a c an c y  u p ta k e  i s  o c c u r in g  a t  750°C 
and above a s  shown i n  t h e  t a b l e  be low  w h ich  g i v e s  t h e  t o t a l  
b u b b le  volume p e r  cm^ a f t e r  8 h o u r s  a n n e a l i n g .
IsSteJA
X p J a l J i u b ^  ____
T°C 600 650 700 750 800 850
10“ 4 12 .6  6 .7  7 .4  2 2 .4  124 225
(cm3 per cm 3)
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The t o t a l  b u b b le  volume re m a in s  c o n s t a n t  up t o  a b o u t  750°C 
b u t  t h e r e  i s  a  marked i n c r e a s e  a t  h i g h e r  t e m p e r a t u r e s .  T hat 
v a c an c y  u p ta k e  i s  c o n t r i b u t i n g  to  b u b b le  g row th  a t  t h e s e  h i g h e r  
t e m p e r a t u r e s  i s  f u r t h e r  s u p p o r te d  by t h e  i n c r e a s e d  s lo p e  o f  t h e  
A r rh e n iu s  p l o t  o b se rv e d  above 700°C. Thus we may c o n c lu d e  
t h a t  a t  700°C and be low , t h e  g row th  mechanism i s  m i g r a t i o n  
and c o a l e s c e n c e ,  b u t  a t  h i g h e r  t e m p e r a t u r e s  b u b b le s  grow by 
m i g r a t i o n  and c o a le s c e n c e  and by v a c an c y  c o l l e c t i o n ,  l i m i t e d  
o n ly  by t h e  r a t e  o f  v a c an c y  s u p p ly .
lA A e .s u .lta M  Bubble .S iz e
We have  a l r e a d y  n o te d  t h a t  t h e  s i z e  o f  t h e  b u b b le s  i s  more 
d e p e n d e n t  on t h e  a n n e a l in g  t e m p e r a tu r e  th a n  t h e  t im e  h e l d  a t  
t e m p e r a t u r e .  R e s u l t s  show t h a t  a f t e r  one h o u r  a t  600°C,
O
b u b b le s  h av e  a cube l e n g t h  o f  13A w h e re as  a t  850°C, t h e  
c o r r e s p o n d in g  s i z e  i s  1 0 & .  As d i s c u s s e d  in  p r e v io u s  s e c t i o n s ,  
l e d g e  n u c l e a t i o n  may become t h e  r a t e - l i m i t i n g  p r o c e s s  i f  t h e  
b u b b le s  a r e  f a c e t e d .  S in c e  i t  d oes  in d e e d  seem c e r t a i n  t h a t  f a c e t  
n u c l e a t i o n  i s  t h e  r a t e - l i m i t i n g  p r o c e s s  o f  l a r g e r  b u b b le s  i n  t h e  
t e m p e r a tu r e  r a n g e  600 -  750°C and p r o b a b ly  a l s o  a t  h i g e r
t e m p e r a t u r e s  ( a l t h o u g h  t h e  e f f e c t s  may be masked by t h e  s i g n i f i c a n t  
u p ta k e  o f  v a c a n c i e s  a t  t h e s e  t e m p e r a t u r e s ) , i t  i s  n e c e s s a r y  t o
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i n v e s t i g a t e  t h e  e f f e c t  o f  t h i s  p r o c e s s  on t h e  r e s u l t a n t  b u b b le
s i z e .
The b u b b le  d i f f u s i o n  c o e f f i c i e n t  f o r  a  c u b ic  b u b b le  m i g r a t i n g  by 
s u r f a c e  d i f f u s i o n  b u t  l i m i t e d  by l e d g e  n u c l e a t i o n  h a s  been  g iv e n  by 
Goodhew (6 0 )  a s  :
Db ( f )  = (ffDs a / 6 ^ )  exp (-7Ta£/2kT)
where Dg = s u r f a c e  d i f f u s i o n  c o e f f i c i e n t  
q ( s = a to m ic  s u r f a c e  jump d i s t a n c e  
£.= e n e rg y  p e r  u n i t  l e n g t h  o f  a  monatomic l e d g e  
a  = cube l e n g t h
T h is  e x p r e s s i o n  i m p l i e s  t h a t  above  a  c r i t i c a l  b u b b le  s i z e  
(d e te rm in e d  by t h e  v a lu e  o f £ ) ,  Dfe( f )  w i l l  be s m a l l e r  t h a n  t h e  
s u r f a c e  d i f f u s i o n  c o e f f i e n t ,  Dg> a n d w i l l  t h u s  c o n t r o l  t h e  
m i g r a t i o n  r a t e  o f  b u b b le s  moving by a  s u r f a c e  d i f f u s i o n  m echan ism . 
S in c e  t h e  c r i t i c a l  b u b b le  s i z e  i s  d e te rm in e d  by t h e  v a lu e  o f  £ ,  we 
m ust a s c e r t a i n  w h e th e r  £  i s  v e r y  d e p e n d e n t  on t e m p e r a t u r e .  By 
e q u a t i n g  th e  a p p ro x im a t io n s  f o r  t h e  g row th  r a t e  c o n t r o l l e d  by 
s u r f a c e  d i f f u s i o n  and l e d g e  n u c l e a t i o n  a t  t h e  r o l l - o v e r  p o i n t  o f  
t h e  g row th  c u rv e s  i n  f i g .  25, we c an  deduce  t h e  l e d g e  e n e r g y  
a p p r o p r i a t e  t o  e a c h  t e m p e r a t u r e .
£ =  -2kT/JTa ( I n  c -  5 In  a )
These l e d g e  e n e r g i e s  a r e  l i s t e d  below :
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600 4 .7  x IQ-
700 3 .9  x IQ-
750 3 .5  x IQ-
800 1 .9  x IQ-
850 1 .9  x 10"
I f  we choose  an  a v e ra g e  v a lu e  o f  £  o v e r  t h e  w hole t e m p e r a t u r e  r a n g e  
and u se  i t  t o  c a l c u l a t e  t h e  dependence  o f  r o l l - o v e r  p o i n t s  on 
t e m p e r a t u r e ,  we f i n d  t h a t  t h e r e  e x i s t s  o n ly  a  s l i g h t  d e p e n d en c e  o f  
b u b b le  s i z e  on t e m p e r a t u r e .  T a b le  12 g iv e s  v a l u e s  o f  r o l l - o v e r  
p o i n t s  o b se rv e d  e x p e r i m e n t a l l y  i n  c om par ison  w i th  t h e  v a l u e s  
c a l c u l a t e d  by u s in g  £ e q u a l  to  3 . 2  x 10“ ^  J /m .
A lthough  t h e  cube l e n g t h  , a  , d o e s  r i s e  s l i g h t l y  w i th  t e m p e r a t u r e ,  
t h e  e f f e c t  c a n n o t  a c c o u n t  f o r  t h e  o b s e rv e d  s i g n i f i c a n t  d ep e n d en c e  
o f  b u b b le  s i z e  w i th  t e m p e r a t u r e .
The im p o r ta n c e  o f  t h e  n u c l e a t i o n  s t a g e  w i th  r e s p e c t  t o  b u b b le  
d e n s i t y  h a s  a l r e a d y  been  d i s c u s s e d  and we m ust now r e f e r  b a c k  t o  
t h i s  p e r i o d  o f  b u b b le  b e h a v io u r  t o  c o n s i d e r  t h e  e f f e c t  o f  t h e  
r e s u l t a n t  b u b b le  d e n s i t y  on t h e  b u b b le  s i z e .
R e s u l t s  h av e  shown t h a t  a l l  t h e  b u b b le s  w i t h i n  t h e  t e m p e r a t u r e  
reg im e  600 -  800°C a p p e a r  t o  rem a in  o v e r p r e s s u r i z e d  a f t e r
c o a l e s c e n c e .  T h is  i m p l i e s  t h a t  b u b b le  volume i s  c o n s e rv e d  i e .  no 
a p p r e c i a b l e  change o f  b u b b le  s i z e  can  o c c u r  a f t e r  c o a l e s c e n c e .  The 
t o t a l  b u b b le  volume th u s  r e m a in s  c o n s t a n t  and can  be e x p r e s s e d  i n
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t h e  form o f  c a 3 = k f , w here  c i s  t h e  b u b b le  d e n s i t y ,  a  i s  t h e
s i d e  l e n g t h  o f  t h e  modal c u b ic  b u b b le  and k* i s  a  c o n s t a n t  ( 6 0 ) .
Hence, t h e  change  i n  b u b b le  c o n c e n t r a t i o n  may be e x p re s s e d  a s  :
d c / d t  = ( - 3 k ' / a ^ )  d a / d t
S u b s t i t u t i n g  t h i s  e q u a t i o n  i n t o  an  e x p r e s s io n  f o r  t h e  r e d u c t i o n  o f  
b u b b le  c o n c e n t r a t i o n  a f t e r  c o a l e s c e n c e  where :
d c / d t  = -8JlDb a c 2 
we d e r i v e
d a / d t  = 8irk»Db/3 a
For s u r f a c e  d i f f u s i o n ,  Db ( s )  = 4 Ds ^ / ( X s 2a^
and com bining  t h e s e  e q u a t i o n s ,  we o b t a i n  t h e  g row th  r a t e  :
d a / d t  = 64 D / cx^2 a -3
Upon i n t e g r a t i n g ,  t h i s  w i l l  g iv e  a  0 ( t ® * ^  > and th u s  a  p l o t  o f  
I n  a  a g a i n s t  I n  t  s h o u ld  r e v e a l  a  s lo p e  o f  1 /6 .  However t h e  
i n t e r c e p t  c o n t a i n s  t h e  te rm  o f  k '  w hich  m ust t h e r e f o r e  r e l a t e  t o  
t h e  i n i t i a l  b u b b le  s i z e  and d e n s i t y .  From b u b b le  d a t a  t a k e n  a f t e r  
one h o u r  a t  600°C and 850°C, we know t h a t  t h e  t o t a l  b u b b le  
volume i n c r e a s e s  by 18 t im e s  w h i l s t  t h e r e  i s  a  t e n f o l d  d e c r e a s e  i n  
t h e  b u b b le  d e n s i t y .
a t  600°C, k '  = a 3 10c
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a t  850°C, 18k’ = a 3c
D iv id in g  one e x p r e s s io n  by t h e  o t h e r  we o b t a i n  :
3 /1 8  x 10 = a 850/ a 600
The e f f e c t  sh o u ld  t h e o r e t i c a l l y  i n c r e a s e  t h e  b u b b le  s i z e  by a
f a c t o r  o f  5 .6 .  I f  we compare t h e  b u b b le  s i z e s  o b s e rv e d
0e x p e r i m e n t a l l y ,  we f i n d  t h a t  a t  850°C, a  = 72A and a t
600°C, a  = 13A, w hich  i s  an  i n c r e a s e  o f  5 .5 .
Thus i t  a p p e a r s  t h a t  t h e  n u c l e a t i o n  s t a g e  -  by d e te r m i n in g  t h e  
b u b b le  d e n s i t y  -  s i g n i f i c a n t l y  a f f e c t s  t h e  b u b b le  s i z e .  The o t h e r  
f a c t o r  i n f l u e n c i n g  th e  b u b b le  s i z e  i s  o f  c o u r s e  t h e  amount o f  
v a c an c y  c o l l e c t i o n  o c c u r r in g  a t  t h e  v a r i o u s  t e m p e r a t u r e s .
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A lth o u g h  t h e  two f e r r i t i c  s t e e l s  d i f f e r e d  o n ly  s l i g h t l y  i n  Cr 
c o n t e n t  ( FIC1) 12.6/6 C r ;  F I ( 2 )  13.3% C r ) , t h e  second  F I ( 2 )  s t e e l
had m ino r  a l l o y i n g  a d d i t i o n s  o f  0.12/6 Mo, 0 .1 2 ^  Cu, 0.0156 T i ,  0.0156 
Nb, 0.03/6 V, 0 .0 2 % A l .  Both s t e e l s  were p re p a r e d  i n  an  i d e n t i c a l  
m anner and b u b b le  d a t a  c o l l e c t e d  to  a s c e r t a i n  w h e th e r  t h e s e  s l i g h t  
d i f f e r e n c e s  i n  c o m p o s i t io n  i n f l u e n c e  t h e  g row th  b e h a v io u r  o f  He 
b u b b le s .
-  1 0 0  -
I t  i s  g e n e r a l l y  known t h a t  m i c r o s t r u e t u r a l  f e a t u r e s  su c h  a s  
d i s l o c a t i o n s ,  g r a i n  b o u n d a r i e s  and p r e c i p i t a t e s  can  s i g n i f i c a n t l y  
a f f e c t  b u b b le  b e h a v io u r .  D i s l o c a t i o n s  may p r o v id e  h e te r o g e n e o u s  
s i t e s  f o r  b u b b le  n u c l e a t i o n  and c e r t a i n l y  t h e  d i s l o c a t i o n  s t r e s s  
f i e l d  p ro d u c e s  an  a t t r a c t i v e  f o r c e  on a  formed b u b b le  ( 6 8 ) .  Once 
a t t a c h e d  to  a  d i s l o c a t i o n  t h e  b u b b le  p i n s  t h e  d i s l o c a t i o n  and th e  
d i s l o c a t i o n  r e s t r i c t s  b u b b le  m i g r a t i o n  t o  a lo n g  i t s  l i n e  o n l y .  
B eere  (9 8 )  has  i n t e r p r e t e d  b u b b le  m i g r a t i o n  down d i s l o c a t i o n s  i n  Cu 
i n  te rm s  o f  t h e  s t e p  n u c l e a t i o n  m odel .  B ubb les  moved f a s t e r  a lo n g  
a  d i s l o c a t i o n  th a n  i n  t h e  m a t r ix  b e c a u se  s u r f a c e  s t e p s  i n t r o d u c e d  
by t h e  i m p e r f e c t i o n  r e d u c e  t h e  c r i t i c a l  l e d g e  n u c l e a t i o n  e n e r g y .  
However t r a n s m i s s i o n  e l e c t r o n  m ic ro g ra p h s  show t h a t  t h e  d i s l o c a t i o n  
c o n t e n t  a p p e a r s  t o  be low f o r  b o th  s t e e l s ,  a l t h o u g h  t h e  sp e c im e n s  
from  th e  second  s t e e l  ( F I ( 2 ) )  may h av e  had  a  s l i g h t l y  h i g h e r  
d i s l o c a t i o n  d e n s i t y .  Any d i f f e r e n c e s  i n  d i s l o c a t i o n  c o n t e n t  may be 
a t t r i b u t e d  to  t h e  f a c t  t h a t  t h e  s t e e l s  were p r e p a r e d  i n d e p e n d e n t l y  
from  one a n o t h e r .  The r e s u l t s  from b u b b le  m easu rem en ts  show a 
b r o a d e r  s i z e  d i s t r i b u t i o n  f o r  t h e  F I (2 )  s t e e l  w hich  may a r i s e  from 
th e  s l i g h t  i n c r e a s e  i n  d i s l o c a t i o n  d e n s i t y  n o te d  i n  t h i s  s t e e l .  
But a s  t h e  r e s u l t s  a l s o  i n d i c a t e ,  a l t h o u g h  t h i s  may i n f l u e n c e  
s l i g h t l y  t h e  Mgf mv v a l u e s ,  t h e  modal b u b b le  s i z e  a p p e a r s  
t o  rem a in  u n a f f e c t e d .  v
S in c e  t h e  g row th  o f  b u b b le s  a t  g r a i n  b o u n d a r i e s  i s  l i k e l y  t o  
d e te r m in e  th e  e x t e n t  o f  He e m b r i t t l e m e n t  i n  t h e  m a t e r i a l ,  i t  i s  
n e c e s s a r y  t o  examine t h e  r o l e  o f  g r a i n  b o u n d a r i e s  i n  more d e t a i l .  
G ra in  b o u n d a r ie s  and o t h e r  i n c o h e r e n t  i n t e r f a c e s  a r e  l a r g e  t r a p s  
f o r  He. These i n t e r f a c e s  have  a much more open a to m ic  a r r a n g e m e n t  
th a n  t h e  g r a i n  i n t e r i o r s  and p r o v id e  s h o r t  c i r c u i t  d i f f u s i o n  p a t h s
-  1 0 1  -
f o r  t h e  a g g lo m e ra t io n  o f  He and v a c a n c i e s  i n t o  b u b b le s  ( 9 9 ) .  Thus
advanced  He c a v i t a t i o n  o c c u r s  a t  g r a i n  b o u n d a r i e s .  I f  t h e  g r a i n
s i z e  o f  t h e  m a t r ix  m a t e r i a l  were s m a l l ,  t h e r e  would e x i s t  more 
h e te r o g e n e o u s  n u c l e a t i o n  s i t e s  f o r  b u b b le s  and one m ig h t  su p p o se  
t h a t  t h e  g r a i n  i n t e r i o r s  would t h e r e f o r e  p o s s e s s  a  low er  b u b b le
d e n s i t y .  As we have  j u s t  i n d i c a t e d  i n  s e c t i o n  6 . 4 ,  a  v a r i a t i o n  o f  
b u b b le  d e n s i t y  m igh t  i n f l u e n c e  t h e  r e s u l t a n t  b u b b le  s i z e .  However, 
t r a n s m i s s i o n  e l e c t r o n  m ic ro sc o p y  shows t h a t  t h e  g r a i n s  a r e  q u i t e  
l a r g e  f o r  b o th  s t e e l s  and t h a t  t h e  r e s p e c t i v e  g r a i n  i n t e r i o r s
c o n t a i n  s i m i l a r  b u b b le  d e n s i t i e s .
We m ust a l s o  examine t h e  r o l e  o f  p r e c i p i t a t e s  on t h e  g row th  o f  He 
b u b b l e s .  He b u b b le  n u c l e a t i o n  a t  M£3C6 p r e c i p i t a t e s
r e s e m b le s  t h e  s i t u a t i o n  a t  g r a i n  b o u n d a r i e s  ( 1 0 0 ) ,  r e s u l t i n g  i n  
enhanced  b u b b le  n u c l e a t i o n  and g ro w th .  But i t  was r e c o g n i s e d  many 
y e a r s  ago t h a t  a  m a t e r i a l  c o n t a i n i n g  a  d i s p e r s i o n  o f  a  s eco n d  p h a se  
e x h i b i t e d  low er  s w e l l i n g  th a n  a  p r e c i p i t a t e  f r e e  m a t e r i a l .  T h is
r e d u c t i o n  i n  s w e l l i n g  i s  l a r g e l y  due t o  b u b b le  p in n in g  a t  t h e  
p a r t i c l e s  su c h  t h a t  b u b b le  m i g r a t i o n  t o  g r a i n  b o u n d a r i e s  i s  
s e v e r e l y  l i m i t e d .  L ik e w ise ,  l e a s t  e m b r i t t l e m e n t  a r i s e s  when t h e r e  
i s  a  h ig h  d e n s i t y  o f  v e ry  f i n e  p r e c i p i t a t e s  o r  p a r t i c l e s  p r e s e n t  
b e c a u se  p o t e n t i a l l y  more b u b b le s  may be t r a p p e d  ( 1 0 1 ) .  Such 
e le m e n ts  a s  T i ,  Nb, V and Ta a r e  e x t r e m e ly  s t r o n g  c a r b i d e  and
n i t r i d e  fo rm e rs  and may p r e c i p i t a t e  a s  MX ty p e  p a r t i c l e s .
From th e  o p t i c a l  ( f i g .  22) and t r a n s m i s s i o n  e l e c t r o n  m ic r o g r a p h s ,  
i t  a p p e a r s  t h a t  t h e  s t e e l s  a r e  v e r y  s i m i l a r  i n  r a i c r o s t r u c t u r e .  
Both c o n t a i n  tem pered  m a r t e n s i t e  w i th  p r e c i p i t a t e s .
However i t  i s  im p o r ta n t  t o  n o t e  t h a t  t h e  s m a l l  a d d i t i o n s  o f  V, Ti
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and Nb i n  t h e  second  s t e e l  ( F I ( 2 ) )  may be s u f f i c i e n t  t o  prom ote t h e  
f o rm a t io n  o f  MC p r e c i p i t a t i o n .  K e s t e r n i c h  (102)  o b s e rv e d  TiC 
p r e c i p i t a t e s  and enhanced  b u b b le  f o rm a t io n  w i t h i n  g r a i n s  o f  a 
s t a i n l e s s  s t e e l  c o n t a i n i n g  0.3/6 T i .  A lthough  t h e r e  was no e v id e n c e  
o f  su c h  p r e c i p i t a t e s  from  e i t h e r  o p t i c a l  o r  e l e c t r o n  m ic ro s c o p y ,  
t h e s e  p a r t i c l e s  a r e  v e r y  f i n e  and d i f f i c u l t  t o  i d e n t i f y  ( 1 0 1 ) .  
Again i f  in d e e d  such  a  d i s p e r s i o n  d i d  f e a t u r e  i n  t h e  r a i c r o s t r u c t u r e  
i t s  p r e s e n c e  d id  n o t  a p p e a r  t o  have  had any  m a jo r  e f f e c t  on t h e
g row th  b e h a v io u r  o f  b u b b le s  w i t h i n  t h e  g r a i n s .
A f u r t h e r  m i c r o s t r u c t u r a l  f e a t u r e  w hich  m ust n o t  be  o v e r lo o k e d  when 
com paring  t h e s e  two s t e e l s  i s  t h e  p o s s i b i l i t y  o f  r a d i a t i o n  in d u c e d  
s e g r e g a t i o n  o f  e le m e n ts  t o  t h e  b u b b le  s u r f a c e s .  The
n o n - e q u i l i b r iu m  s e g r e g a t i o n  o f  s o l u t e s  t o  s in k s  may a r i s e  b e c a u s e  
when s o l u t e / p o i n t  d e f e c t  com plexes  form betw een e i t h e r  v a c a n c i e s  o r  
i n t e r s t i t i a l s  and m o b ile  s o l u t e  a to m s ,  t h e  f l u x e s  o f  t h e  p o i n t  
d e f e c t s  t o  t h e  s in k s  t h e n  becomes c o u p le d  w i th  n e t  f lo w s  o f  s o l u t e  
a tom s to w a rd s  ( o r  away from ) th e  s i n k s .  Thus c o n c e n t r a t i o n  
g r a d i e n t s  a r e  i n t r o d u c e d  and s o l u t e  e n r ic h m e n t  ( o r  d e p l e t i o n )
o c c u r s  i n  t h e  v i c i n i t y  o f  t h e  s in k s  ( i n t e r f a c e s ,  v o i d s ,  b u b b l e s ,
d i s l o c a t i o n  l o o p s ) .  The n u c l e a t i o n  and grow th  o f  v o i d s  o r  b u b b le s  
w i t h i n  t h e s e  r e g i o n s  o f  l o c a l l y  changed  c o m p o s i t io n  may t h e r e b y  be 
a f f e c t e d .
As m en t io n ed  p r e v i o u s l y ,  r a d i a t i o n  in d u c e d  s e g r e g a t i o n  o f  n i c k e l  t o  
v o id  s u r f a c e s  i s  a  w e l l - e s t a b l i s h e d  phenomenon and chromium i s  a l s o  
r e p o r t e d  to  s e g r e g a t e  b o th  to w a rd s  and away from  v o id  s u r f a c e s .
Ohnuki (103 )  s u g g e s t s  t h a t  s e g r e g a t i o n  o f  Cr t o  v o id  s u r f a c e s  may 
r e t a r d  t h e  grow th  o f  v o id s  and b u b b le s  b e c a u s e  t h e  s e g r e g a t i o n  on
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th e  v o id s  seems t o  d i s t u r b  t h e  f lo w  o f  d e f e c t s  t o  th e  v o id  s u r f a c e  
a n d /o r  enhance  m u ta l  r e c o m b in a t io n .  However, s i n c e  b o th  a l l o y s  
u n d e r  s tu d y  c o n ta i n e d  v e ry  s i m i l a r  am ounts o f  Cr ( F I ( 1 )  12.6/6; 
F I ( 2 ) 13.356) and Ni ( F I (1 )  0.49%; F I ( 2 )  0.4656), i t  i s  u n l i k e l y
t h a t  t h e  s e g r e g a t i o n a l  b e h a v io u r  would be v e r y  d i f f e r e n t  i n  t h e  two 
m a t e r i a l s .
I t  i s  a l s o  known t h a t  S i  i s  p r e f e r e n t i a l l y  t r a n s p o r t e d  t o  s i n k s  
d u r in g  i r r a d i a t i o n  by p o i n t  d e f e c t  f lo w  (104 )  and work by G arn e r  
and W olfer  (105 )  shows t h a t  do p in g  f e e  F e -N i-C r  a l l o y s  s u p p r e s s e s  
v o id  n u c l e a t i o n .  S ingh  and c o w o rk e rs  (106 )  have  d e v e lo p e d  a  model 
to  e x p l a i n  S i ' s  r o l e  i n  t h e  m e ta l  w hich  i s  b a se d  on i t s  h i g h e r  
d i f f u s i v i t y  compared to  t h a t  o f  t h e  h o s t  m a t e r i a l .  As a  r e s u l t  o f  
i t s  h i g h e r  d i f f u s i v i t y ,  t h e  e f f e c t i v e  v a c an c y  d i f f u s i o n  c o e f f i c i e n t  
i n c r e a s e s  w hich  h a s  been  shown t o  d e c r e a s e  t h e  v o id  n u c l e a t i o n  r a t e  
( 1 0 7 ) .  A lthough  t h e r e  i s  a  s l i g h t  d i f f e r e n c e  i n  t h e  S i  c o n t e n t  o f  
t h e  two s t e e l s  ( F I ( 1 )  0.18/6; F I (2 )  0 .02 /6 ) ,  t h e s e  am ounts  a r e
p r o b a b ly  t o o  s m a l l  to  have  any  i n f l u e n c e  on b u b b le  n u c l e a t i o n .  
In d eed  work by S ingh  e t  a l  (1 0 6 )  o n ly  r e p o r t  a  m in u te  d e c r e a s e  i n  
t h e  v o id  d e n s i t y  i n  s t a i n l e s s  s t e e l  a f t e r  t h e  a d d i t i o n  o f  0.25/6 S i .
L a s t l y  t h e  s o l u t i o n  b e h a v io u r  o f  s u b s t i t u t i o n a l  a tom s s u c h  a s  C r ,  
Mo, V and  Mn s h o u ld  be c o n s i d e r e d .  In  f e r r i t i c  s t e e l s  two s o l u t e  
c o n t r o l l e d  p r o c e s s e s  may o c c u r  w hich  s u p p r e s s  v o id  n u c l e a t i o n  : 1)
M utual p o i n t  d e f e c t  r e c o m b in a t io n  i s  enhanced  by v a c a n c y  s o l u t e  
t r a p p i n g  2 )  S u b s t i t u t i o n a l  a tom s may i n t e r a c t  w i th  d i s l o c a t i o n s  i n  
c o m b in a t io n  w i th  i n t e r s t i t i a l s  t o  form m ixed
i n t e r s t i t i a l / s u b s t i t u t i o n a l  e le m e n t  a tm o s p h e re s  w hich  e x e r t  
c o n s i d e r a b l y  g r e a t e r  p in n in g  on d i s l o c a t i o n s  t h a n  i n t e r s t i t i a l
-  104 -
s o l u t e s  a c t i n g  a l o n e .  But a g a in  o n ly  a s l i g h t  d i f f e r e n c e  i n  t h e  
c o n c e n t r a t i o n  o f  s u b s t i t u t i o n a l  s o l u t e s  e x i s t s  be tw een  t h e  two 
s t e e l s  and w hich a p p a r e n t l y  h a s  l i t t l e  e f f e c t  on t h e  b u b b le  
b e h a v io u r .
Thus we may c o n c lu d e  t h a t  any  d i f f e r e n c e s  i n  t h e  b u b b le  p o p u l a t i o n  
i n  t h e  g r a i n  i n t e r i o r  r e s u l t i n g  from th e  v a r i a t i o n  i n  c o m p o s i t io n  
o f  t h e  two s t e e l s  a r e  v e r y  s l i g h t .
-  105 -
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Fig .  24 An Arrhen ius  p l o t  of  bubble d e n s i t y  vs .  V t f o r  specimens annea led  f o r  
1 hour .
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Fig .  25 Complete s e t  of  growth curves  f o r  he l ium  bubbles  a t  600-850°C.
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T a b l e  12
Com parison o f  r o l l - o v e r  p o i n t s  o b t a in e d  e x p e r i m e n t a l l y  
and v a lu e s  c a l c u l a t e d  u s in g  e = 3 .2  x 10 ^  j / m
Temp (°C) Bubble s i z e  a t  
(O bserved)
r o l l - o v e r  p o i n t  (&) 
( C a lc u l a t e d )
600 14 30
700 25 35
750 33 38
800 91 42
850 97 45
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8  CONCLUSIONS
1. Helium b u b b le s  n u c l e a t e  hom ogeneously  i n  t h e  m a t r ix  o f  t h e s e  
f e r r i t i c  s t e e l s .
2. D i f f u s i o n  o f  v a c a n c y - l i k e  H e-vacancy  c l u s t e r s  a p p e a r s  t o  be 
e s s e n t i a l  f o r  b u b b le  n u c l e a t i o n  t o  o c c u r .
3. The v a r i a t i o n  o f  b u b b le  d e n s i t y  w i th  a n n e a l in g  t e m p e r a tu r e  
s u g g e s t s  t h a t  such  c l u s t e r s  h av e  an  a c t i v a t i o n  e n e rg y  f o r  
m i g r a t i o n  o f  1.6eV. T h is  c o u ld  be a  d i - v a c a n c y  
c o n t a i n i n g  one h e liu m  atom .
4. The dom inan t  mechanism o f  g row th  a t  a l l  t e m p e r a tu r e s  a p p e a r s  t o  
be m ig r a t i o n  and c o a le s c e n c e  by s u r f a c e  d i f f u s i o n .
5. At 700°C and below , t h e  b u b b le  g row th  r a t e  i s  l i m i t e d  by 
f a c e t  n u c l e a t i o n .  Above t h i s  t e m p e r a t u r e ,  v a c an c y  u p ta k e  p l a y s  
a  more s i g n i f i c a n t  r o l e  and g row th  i s  l i m i t e d  by v a c an c y  s o u r c e  
e f f i c i e n c y .
6. D i f f e r e n c e s  betw een t h e  r e s u l t a n t  b u b b le  s i z e s  o b s e rv e d  a t  
d i f f e r e n t  t e m p e r a t u r e s  a r e  due t o  d i f f e r e n c e s  i n  b u b b le  
d e n s i t y  and t o t a l  b u b b le  vo lum e. Thus t h e  u l t i m a t e  b u b b le  
s i z e  i s  p r e d e te rm in e d  by t h e  b u b b le  p o p u l a t i o n  c h a r a c t e r i s t i c s  
e s t a b l i s h e d  w i t h in  t h e  f i r s t  few m in u te s  o f  a n n e a l i n g .
7. V a r i a t i o n s  i n  t h e  c o m p o s i t io n  o f  t h e  two s t e e l s  do n o t  a p p e a r  t o
-  1 1 1  -
s i g n i f i c a n t l y  a f f e c t  h e l iu m  b u b b le  n u c l e a t i o n  and g row th  
b e h a v io u r  o b se rv e d  w i t h i n  t h e  g r a i n  i n t e r i o r s .
-  112 -
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